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ABSTRACT 

The effect of storage on storm and combined sewers has been 
investigated for a residential subdivision of approximately 100 acres 
area, under development in Southern Ontario. The storage methods 
examined were: 

{I) ponding of rainfall on flat roofs; 

(2) on-site storage of roof runoff; 

(3) storage of flows from street gutters at catch basins; and 

(4) holding reservoirs as part of the sewer network. 

A hydrograph model for estimating stormwater runoff from 
residential areas has been developed and incorporated in a computer 
program. The model was used to determine the outflow hydrograph at the 
storm sewer outfall from the subdivision for a synthetic two-year design 
storm. 

An alternative design, replacing the separate sanitary and 
storm sewers by combined sewers, was carried out and the outflow hydro- 
graph from a combined sewer network was determined. 

The effects of different storage methods on the outflow 
hydrograph were tested for both the separate and combined systems. Sub- 
stantial reductions in peak flow were found to occur as the level of 
storage was increased, with holding reservoirs providing the greatest 
reductions . 

Cost data from the original separate system design were used 
to calibrate formulae for estimating sewer pipe costs. The total costs 
of systems incorporating various storage options were compared. A 
combined sewer system was found to be slightly less expensive than the 
separate system and small savings in subdivision sewer costs resulted 
when storage was incorporated. 



RESUME 



II arrive que des eaux s'accumulent en certains endroits, et 
les effets de telies accumulations sur les reseaux d'egout pluviaux et 
unitaires d'une zone resident iel le d'environ 100 acres, que 1 'on 
amenage presentement dans le sud de 1'Ontario ont ete etudies. Les 
travaux ont porte sur: 

1) les eaux de pluie retenues sur les toitures plates; 

2) les eaux tombees des toitures et retenues sur place; 

3) les eaux provenant de caniveaux et de bassins collecteurs 
et retenues en certains endroits; et 

h) les eaux retenues dans des bassins faisant partie des 
reseaux. 

Un modele des regimes permettant d'estimer 1'ecoulement des 
eaux de pluie des zones resident iel les a ete mis au point et incorpore 
a un programme d 'ord inateur. Le modSle a ete utilise pour determiner 
le regime de la decharge du reseau d'egout pluvial de la zone pour une 
periode synthetique de deux ans. 

Un autre systeme, ou les reseaux sanitaires et pluviaux sont 
remplaces par un systeme unitaire, a aussi ete elabore, et on en a 
determine le regime a" la decharge. 

Les effets de types differents d 'accumulations sur le regime 
des decharges ont ete etudies pour les reseaux separes et unitaires. 
On a trouve que 1 ' importance de la reduction des debits maximums etait 
fonction de eel le de 1 'accumulat ion, les bassins permettant d'obtenir 
les plus fortes reductions. 

Les coats du reseau separe initial ont ete utilises pour calibrer 
la formule permettant d'evaluer les coOts des tuyaux d'egout. Les couts 
totaux des reseaux comprenant divers types d 'accumulation ont ete compares. 
On a trouve que le reseau unitaire serait legerement moins cher que les 
reseaux separes et que 1 'ut i 1 isation de 1 'accumulat ion permettrait de 
reduire legerement les coOts du reseau de cette zone resident iel le . 
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CONCLUSIONS 

The following conclusions were drawn as a result of the 
study: 

1. The cost of combined sewers for the 101.6 acre subdivision studied 
in this research was estimated to be only slightly less than the 
total cost of sanitary and storm sewers. If higher full-flow 
velocities are required for combined sewers than for separate storm 
sewers, the use of combined sewers in new developments may not be 
justified. However, choice of the wastewater collection system 

for any area will be governed ultimately by factors particular to 
that area, such as topography. 

2. The savings in sewer costs resulting from the incorporation of 
storage in the subdivision were found to be quite small for both 
storm and combined sewers. Reduction in volumes of untreated 
overflows to receiving waters is a further benefit when a combined 
sewer system with storage is utilized. 

3. Roof ponding to eliminate roof runoff was found to reduce peak 
sewer flows from the subdivision by up to 30 per cent and catch 
basin storage provided similar reductions. Because of different 
flows to each of the catch basins, storage volumes for a constant 
outflow varied from zero up to a maximum of 1,500 cu ft. 

k. Holding reservoirs proved to be the most effective means of 
modifying stormwater flows from the subdivision. A graphical 
relationship between storage volume and peak flow was developed 
for a holding reservoir, enabling storage requirements for any 
level of peak flow reduction to be estimated. 

5. The rational method, which considers only average rainfall 

intensity for a selected rainfall duration, is not suitable for 
design of sewer systems incorporating storage. A runoff model 
which computes complete sewer flow hydrographs from a design 
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storm was developed and when tested, the model produced results 
consistent with field data from other sources. 

6. The model was used to predict the runoff hydrograph from the sub- 
division for a two-year design storm. The contributions of different 
land uses to storm sewer flows were: 









Peak Flow/ 


Stormwater 




Area 


Peak Flow 


Unit Area 


Vo 1 ume 


Land Use 


(acres) 


(cfs) 


(cfs/acre) 


{cu ft) 


Res idential 


83.2 


9^.7 


I.Ht 


202,500 


Industrial, School 


10.5 


21.2 


2.02 


50,000 


Park 


7.9 


5.0 


0.63 


11,900 



Total 101.6 120.9 1.19 264,400 

Although they occupy only a small part of the catchment, the indus- 
trial areas and the school make a relatively large contribution to 
stormwater flows because of their high imperviousness. The higher 
cfs/acre value suggests that the benefits of storage in these areas 
should be investigated. 
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RECOMMENDATIONS 

1. It is recommended that holding reservoir storage be incorporated 
in some new subdivisions for testing purposes. If criteria re- 
lating to the quantity and quality of runoff from new subdivisions 
were developed, the use of stormwater storage would be encouraged 
and the practical aspects of storage could be evaluated on a 

cont i nu ing basi s. 

2. it is recommended that the use of storage in industrial and 
commercial areas be investigated. Most industrial developments 
contain large impervious areas such as parking lots which produce 
high runoff rates and which may be suitable for temporary storage. 

3. It is recommended that system studies for large drainage areas be 
undertaker. One useful study would be to determine the optimum 
location of holding reservoirs in the sewer network to minimize 
overflow pollution problems resulting from future urban growth. 
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h INTRODUCTION 

' • I The Combined Sewer Overflow Problem 

Combined sewers designed to accept both sanitary flows and 
stormwater flows have provided the means of wastewater collection in 
many urban areas of Canada for over 100 years. Conventionally, inter- 
ceptor sewers with capacities 1.5 to 5 times greater than those required 
for dry weather flows are used to divert combined flows to a water 
pollution control plant for treatment before discharge to a water body. 
During storms, flows in excess of interceptor capacities are discharged 
directly to the receiving waters. 

In recent years, there has been a growing concern with the 
pollution problems caused by combined sewer overflows. It has been 
estimated that by 1980 the average five-day BOD loadings on Lake Ontario 
from overflows in Metropolitan Toronto may reach 600 tons/month, almost 
one-half the anticipated total loading (1). As overflows will occur for 
only a few hours each month, the shock loadings generated by individual 
storms will be much greater than the average loading. 

I ■ 2 Combined versus Separate Sewers 

Current practice favours separate sewer systems as a means of 
alleviating overflow pollution problems. The more critical sanitary 
wastes are collected, transported and treated separately so that dis- 
charges of raw sewage are eliminated. Generally, the storm sewer network 
is extended only to a suitable watercourse and stormwater flows are 
discharged without treatment. 

For densely populated areas presently served by combined sewers, 
separation costs may be prohibitive. A study of a 17,000 acre area in 
the City of Toronto in I960 indicated that the costs of sewer separation 
would be about $17,000 per acre (2). For new developments in unsewered 
areas, there may be substantial savings in provision of a single conduit 
to serve as a combined sewer. The cost of a separate system for unsewered 
areas of Detroit has been estimated at twice the cost of a combined 
system (3). 



"he effectiveness of the separate system solution is largely 
dependent on the assumption that stormwater flows are relatively uncon- 
taminated. But the concentration ranges of wastewater constituents from 
urban stormwater runoff have been found to be simi lar to those for 
combined s< wer overflows (4). A study of a 27 acre residential area In 
Cincinnati compared the pollution loadings from stormwater runoff with 
estimated loadings from sanitary sewage on a yearly basis (5)- Suspended 
solids (SS) contributions from stormwater runoff were found to be hO 
per ^.ent greater, and the BOD load was six per cent of that from raw 
sewage. A study of water quality in the upper Whippany River basin in 
New Jersey showed that the pollution loadings from unrecorded sources 
such as urban runoff were greater than those from secondary treatment 
plant effluents (6). Hence, inadequate water quality control plans may 
result if the pollution from stormwater runoff is not taken into account. 

Research has been carried out to investigate the sources of 
pollution in urban runoff and the efficiency of "housekeeping" practices 
in reducing waste loads. Results from a study of street sweeping in 
Chicago indicated that, although machine sweepers remove most of the 
coarse material, they remove only a small proportion of fine material 
which is the main contributor to SS loadings (7). 

Compatibility with the existing system is a further considera- 
tion when designing wastewater collection facilities for a new development. 
As urban areas expand, subdivisions are becoming increasingly remote from 
existing treatment facilities. Often, flows from a separate sanitary 
system in a subdivision will enter a trunk sewer which is a combined 
sewer and the potential benefits of a separate system will not be 
realized. Policies requiring treatment at large-scale downstream plants 
will also influence the design of collection systems for new develop- 
ments (8) . 

A shortcoming of combined sewers is the accumulation of 
settled solids in the conduit during dry weather flow periods. Because 
of the wide range of flows in combined sewers, it is sometimes not 
practical to design the sewers to be self-cleansing for sanitary flows 
and storms must be relied upon to provide intermittent flushing. 



Combined 5ewer systems preclude possibilities for beneficial 
use of stormwater. A recent study of an 11^0 acre watershed in Columbia, 
Maryland, concluded that a system of small stormwater storage basins with 
treatment capability could provide approximately half the water demands 
of a typical urban residential community (9). 

The best system of wastewater collection for any area will 
depend ultimately on the particular factors relevant to that area and 
on the existing system. In view of the mul t i -mi 1 1 ion dollar investment 
in existing combined systems, it would appear worthwhile to pursue 
investigation of some alternatives which incorporate combined sewers for 
servicing future urban development. But the feasibility of combined 
sewers is dependent upon the effectiveness of solutions for abatement of 
overflows during heavy storms. An extensive study of wastewater manage- 
ment needs in San Francisco recommended continuance of the practice of 
combined sewer construction, but with complementary control facilities 
having sufficient storage and treatment capacities to limit overflows 
to eight per year (10) . 

1 . 3 Use of Storage 

Storage may be used to reduce peak flow rates and to control 
either combined sewer flows or separate storm sewer flows. Storage allows 
a greater proportion of the stormwater flows to be diverted for treatment 
without increasing interceptor or plant capacities. 

The possible locations of storage in storm or combined sewer 
systems are shown schematically in Figure I. The sources of inflow to 
sewers are stormwater runoff from rainfall, infiltration and, for combined 
sewers, sanitary flow. 

Rainfall may be ponded directly on flat roofs; rooftop detention 
has been incorporated in office developments in Denver (11), for example. 
Alternatively, some form of on-site storage of runoff may be provided. 
Temporary surface ponding on residential lots has been adopted in El 
Paso (12). But this practice may not be acceptable where, for example, 
soils have low infiltration capacities. In some cases a constructed 
facility such as an underground tank may be feasible. 
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FIGURE 1. POSSIBLE LOCATIONS OF STORAGE IN STORM AND COMBINED SEWER SYSTEMS 



A large part of the stormwater runoff enters sewers by way of 
catch basins into which street gutters discharge. The City of Toronto 
has undertaken a program of partial sewer separation to accommodate street 
runoff (2). A variation of this approach could incorporate storage at 
catch basins for temporary detention of street runoff before release to 
sewers. 

Holding reservoirs may be incorporated in the sewer network to 
reduce peak sewer flows during storms. When detention times are sufficient 
for the reservoirs to operate as settling tanks, control of water quality 
may be a further benefit. Numerous cases of the use of storage tanks, 
deep tunnels, reservoirs, etc., have been presented in the literature 
and the storm stand-by tanks at Columbus, Ohio, are among the earliest 
examples (13)- 

The volumetric capacity of trunk sewers may be utilized for 
storage through monitoring and control of flow levels. A computerized 
control system has been implemented in Minneapol i s-St. Paul to reduce the 
frequency and volumes of overflows from the existing combined Sewer 
system (4) . 

Holding storage located before treatment facilities may improve 
treatment efficiencies as well as regulating flows. A full-scale study 
of a wastewater treatment plant at Newark, New York demonstrated that the 
addition of an equalization tank directly preceding the treatment units 
effected a substantial improvement in primary removal of suspended 
solids (14). 

A computer-based stormwater management model has been developed 
by the U.S. Environmental Protection Agency (EPA) for testing alternative 
methods of alleviating existing combined sewer overflows (15, 16). Solu- 
tions incorporating sewer system storage options and/or treatment options 
are evaluated on a cost-effectiveness basis. A linear programming model 
has been formulated for use in conjunction with the EPA model to identify 
minimum cost solutions (17). A similar approach was used for selection 
of optimal combinations of stormwater holding reservoir location , treat- 
ment types and water re-uses for a large urban watershed in Columbia, 
Maryland (9). 



1 . k Storage in New Residential Subdivisions 

Most research to date has been directed towards identification 
of existing combined sewer overflow problems and evaluation of methods 
for alleviating these problems. Methods of reducing stormwater flows 
from new developments seem to have received only limited attention. 

The purpose of this research was to investigate the effectiveness 
of incorporating storage in sewer systems for new residential subdivisions. 
The storage methods to be examined were: 

(1) ponding of rainfall t>n flat roofs; 

(2) site storage of roof runoff; 

(3) storage of flows from street gutters at catch basins; and, 
{k) holding reservoirs as part of the sewer network. 

A subdivision of approximately 100 acres which is currently 
under development in Southern Ontario served as a model for the study. 
The existing wastewater collection network for the subdivision consists 
of separate sanitary and storm sewers. The collection network was re- 
designed as a combined sewer system and the effects of storage were 
investigated for both the separate and combined systems. 

A means of estimating stormwater runoff from the subdivision 
and of predicting the effects of storage on runoff rates was required. 
A survey of existing urban runoff models and the development of a hydro- 
graph mode 1 suitable for the study are described in Chapter 2. In 
Chapter 3, a design storm is selected and the hydrograph model is used 
to determine storm sewer flows from the subdivision. The combined sewer 
design is summarized in Chapter k and combined sewer flows are determined. 
Routing functions for each of the storage methods are described in 
Chapter 5. and the effects of different storage options on sewer systems 
are i nves t i Mated. In Chapter 6, costs of separate and combined sewer 
systems are evaluated for various storage options. The technical feasi- 
bility and economic attractiveness of the storage methods are discussed 
in Chapter 7 and some preliminary conclusions are made concerning the 
effectiveness of local storage. 



2. ESTIMATION OF STORMWATER RUNOFF FOR RESIDENTIAL SUBDIVISIONS 

2 - I Survey of Existing Urban Runoff Models 

In order to estimate stormwater flows in sewers, it is neces- 
sary to determine the amount of runoff resulting from a given rainfall. 
Several urban runoff models have been developed for this purpose and a 
comparative analysis of 18 such models has recently been carried out (18). 
The objectives, advantages and limitations of each model were reviewed, 
and the performance of some of the models was tested using both real and 
hypothetical catchment data. A summary of four of the most widely 
accepted models follows. 

2.1.1 Rational method 

The rational method (19) is the simplest and most widely used 
method for estimating stormwater flows. The relationship between rainfall 
and runoff is expressed directly by the formula: 

Q . = Ci A 
peak ave 

where: ^ pea ^ is the P eak fate of stormwater runoff (cfs); 

' ave 'S the average intensity (in/hr) of rainfall of given 
frequency of occurrence having a duration equal to the 
time of concentration, which is the time required for 
runoff to flow from the remotest part of the drainage 
basin to the point under design; 

A is the area of the drainage basin (acres); and, 

C is the runoff coefficient which is the ratio of peak runoff 
rate to average rainfall rate. 

Rainfall intensities are obtained from average intensity - 
duration - frequency relationships which are of a form such as: 



i 
ave 



b 

d 



where: t, is the rainfall duration (min) equal to the time of 
d 

concentration; and, 

a, b, c are constants. 

For storm sewers in residential areas, the average frequency of rainfall 

occurrence used for design commonly varies from two to ten years. In 

effect the rational method assumes an idealized uniform intensity storm 

over the duration t.. 

d 

The runoff coefficient C attempts to account for many variables, 
including infiltration, ground slope, depression storage, etc. The 
effects of antecedent precipitation cannot be easily evaluated; reason- 
able estimation of C values requires experience and good judgement. 

The rational method has been found to give adequate estimates 
of peak runoff rates for urban areas of less than five sq miles. But 
because the variation of runoff with time is not identified, it cannot 
be used for design of systems incorporating storage. 

2.1.2 Road Research Laboratory (RRL) method 

As a first step to generating a sewer flow hydrograph, the 
RRL method (20) may be of some value. The drainage area is subdivided 
into a number of zones within which the time of concentration is constant. 
A rainfall intensity is determined for each time increment and ordinates 
of a simulated sewer inflow hydrograph are computed using a direct rain- 
fall-runoff formula. The inflow hydrograph is added to the hydrograph 
from up-stream, and the resultant hydrograph is lagged by the time of 
travel through the sewer at full-flow velocity to the next stormwater 
inlet, and so on. 

A possible limitation of this method is that there is assumed 
to be no runoff from pervious areas. For low density residential areas 
with relatively small impervious areas and high intensity storm, the 
RRL method may give unreal ist ical ly low runoff estimates. 

2.1.3 Chicago hydrograph method 

The Chicago hydrograph method (21) isolates and evaluates all 
the influences which transform a hyetograph (rainfall intensity - time 
pattern) into a sewer flow hydrograph. A design storm pattern is selected 



and the drainage basin is schematized into pervious and impervious areas. 
For roofs which are directly connected to sewers, the roof runoff hydro* 
graph immediately becomes a sewer inflow hydrograph. For rain which falls 
on the ground, the steps in the method are: 

Step 1: estimation of abstractions from rainfall 

(infiltration and surface depression storage) 
Step 2: calculation of overland flow to street gutters 
Step 3= flow routing through street gutters to catch basins 
For calculating overland flow, an experimentally derived equation 
relating flow depth, surface slope and discharge is used. Gutter inflow is 
assumed to be uniformly distributed along the length of the gutter. 

Inflow hydrographs from roofs and catch basins are combined to 
form a sewer flow hydrograph which is routed through the sewer using a 
simple time offset method: the hydrograph is moved along the sewer at the 
sewer full-flow velocity. 

2.1.4 U.S. Environmental Protection Agency Storm Water Management Model 

The EPA model contains a runoff sub-model (22) which simulates 
the fundamental processes of runoff phenomena through a computer program. 
These processes are similar to the influences examined in the Chicago hydro- 
graph method but they are treated somewhat differently. 

A separate roof runoff hydrograph is not identified. Overland 
flow is modelled as a quasi-steady state phenomenon using Manning's equa- 
tion for uniform flow. Gutter inflow is assumed to occur only at the up- 
stream end of a gutter, and sewer flow is modelled as unsteady, non-uniform 
flow. 

2. 2 A Hydrograph Model for Residential Subdivisions 

From the survey of existing urban runoff models, it was con- 
cluded that none of the models was suitable for application to the present 
study, particularly with respect to evaluation of the proposed storage 
alternatives. Hence it was decided to develop a model which directly in- 
corporated functions to represent the different storage methods. Certain 
features of both the Chicago hydrograph method and the EPA model were in- 
cluded. 



2.2.1 Model development 

A flow chart of the hydrograph model developed for investigation 
of storage effects in sewer systems for residential subdivisions is shown 
in Figure 2. A listing of the computer program in which the model is in- 
corporated is provided In Appendix II. 

Input requirements for the model are a design storm in the form 
of a hyetograph and a schemat izat ion of the subdivision. The drainage 
area is represented as a set of hydraulic elements: rectangular subcatch- 
ments based on pervious and impervious areas; gutter and sewer networks; 
and, storage elements. 

The runoff from directly connected roofs and the overland flow 
into street gutters are computed independently. For urban catchments, in- 
filtration and depression storage are the dominant abstractions from rain- 
fall. There is assumed to be no infiltration in impervious areas, and 
for pervious areas, Horton's exponential function (21) is used: 

f = f c + < f o - f c> e "^ 

where: f is infiltration capacity (in/hr) at time t; 

t is time from beginning of infiltration capacity curve (min); 

f is minimum infiltration rate as time t approaches infinity; 

f is maximum infiltration rate at time zero; 

k is decay rate of infiltration capacity (min ). 

Overland flow from a subcatchment commences when the depth of 
ponding exceeds the average depression depth of the subcatchment. For 
computing overland flow and gutter flow into catch basins, a stepwise pro- 
cedure incorporating Manning's equation for uniform flow is used. The 
procedure is similar to that used in the EPA model and a full description 
is provided in reference 22. The steps in the computation of overland 
flow from a subcatchment are as follows: 

1. The depth of water after rainfall is calculated: 
Dj = D t + R t At 

where: D| is water depth after rainfall occurs 

D t is water depth at time t 

R is rainfall intensity in time interval At 
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FIGURE 2. FLOW CHART FOR SUBDIVISION HYDROGRAPH MODEL 
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2. Infiltration fs subtracted from the water depth (for pervious 
areas) : 

D 2 = D, - f At 

where D- is water depth after allowing for Infiltration. 

3. If the depth of water is larger than the specified depression 
depth, the flow rate is computed from Manning's equation: 

%,'~r <° 2 - V 5/3 s ' /2 h 

where: Q ■ outflow rate 

n ■ Manning's coefficient 
0. m depression depth 
S = ground slope 
W = width of subcatchment 
li The depth of water after outflow is calculated: 

Dt + At = D 2 -^-At 

where: A = surface area of subcatchment. 

5. Steps 1 to *t are repeated for successive time intervals. 
Gutter flows are calculated in a similar manner and catch basin hydro- 
graphs are computed. 

Roof runoff hydrographs, which are computed directly from the 
hyetograph, and catch basin outflow hydrographs are combined to form 
lateral sewer flow hydrographs which are routed through the sewer network 
using the time offset method. The principal output from the model is a 
sewer flow hydrograph at the outfall from the subdivision. 

Routing functions for each of the storage alternatives are built 
into the model at the appropriate locations. The precise form of these 
functions is explained in Chapter 5- 

2.2.2 Model cal ibration 

When applying the model to any drainage catchment, values of 
catchment parameters such as infiltration capacities and average depres- 



slon depths must be specified so that realistic estimates of stormwater 
flows are obtained. Where synchronized rainfall and runoff records for 
the catchment exist, the calibration process consists of adjusting para- 
meter values to achieve good fit between hydrographs calculated from the 
model and measured hydrographs. 

For a newly sewered catchment, parameter values might be obtained 
from catchments with similar characteristics for which values are known. 
Alternatively, when no information is available, a set of default values 
has been suggested for use in conjunction with the EPA model and these 
values were Incorporated in the original version of that model (16). 

2.2.3 Model testing 

The model was tested by comparing the outflow hydrographs pre- 
dicted by the model with the measured hydrographs for the Gray Haven catch- 
ment which is located near Baltimore, Maryland. The land use is residen- 
tial and the catchment has an area of 23.3 acres with average impervlousness 
of 52 per cent. Rainfall intensities and runoff at a stormwater outfall 
have been recorded for a number of storms (23). 

The model was used to calculate runoff from four storms, two of 
high rainfall intensity and two of lower intensity. Details of the storms 
are given in Table 1. The values of three characteristic parameters of 
the outflow hydrograph were calculated: 

1 . peak runoff rate (cfs) - Q 

peak 

2. time to runoff peak (min) - T . 

K peak 

3. total runoff volume (cu ft)- Vol 

The values predicted by the model are compared with the measured 
values in Table 2 and the complete hydrographs for the storm of June 10, 
1963 are shown in Figure 3- The subdivision hydrograph model gave good 
results for the high intensity storms and fair results for the less 
intense storms. 

2.2.4 Limitations of the model 



The hydrograph model was developed with a view solely to its 
use in the subdivision study. Hence, Its general applicability may be 
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Table 1 
Details of Test Storms for Gray Haven Catchment 



Storm 
No. 


Date of 

Storm 


Av. Intensity 
During Peak 
10 min. Per iod 
(in/hr) 


Total 
Rainfall 

(in) 


1 

2 
3 
it 


5/6/1963 
10/6/1963 
14/6/1963 
20/6/1963 


2.8 
2.8 


1.77 
2.20 
l.itO 
l.i»6 



Table 2 



Comparison of Measured and Predicted Values for 
Runoff Hydrographs from Gray Haven Catchment 



Storm 
No. 


Measured 
Values 


Predicted Values 


Subdivision Hydrograph 
Model 




°-peak 
(cfs) 


°-peak 
(cfs) 


Error 


1 

2 
3 
k 


80.7 
79-0 
30.8 
29.6 


80.3 
80.3 
32.7 
35-7 


-0.5 
2.3 
6.1 

20.6 












Tpeak 
(m in) 


TpeaJ< 
(mm) 


Error 


1 

2 

3 

it 


itl 

m 

22 
22 


39 
39 
21 

21 


-it. 9 
-4.9 
-it. 5 
-it. 5 












Vol. 
(cu ft) 


Vol. 
(cu ft) 


Error 


1 

2 
3 
it 


127,it00 

123,900 

51,200 

it9,000 


129,900 

129,900 

60,100 

61,200 


2.0 

it. 8 

I7.it 

25-0 



1. 


k 


c 


6 




z 


3 




< 








90 



Measured flow 

Flow calculated 
us i ng subd i vi s ion 
hydrograph model 




FIGURE 3. COMPARISON OF MEASURED AND CALCULATED RUNOFF HY0R0GRAPHS 
FOR GRAY HAVE'! CATCHMENT - STORM OF JUNE 10. 1963. 
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limited. The most serious limitation of the present form of the model is 
that in the schemat izat ion of the drainage area, all hydraulic elements 
must be identified. Roof areas must be separated from other impervious 
areas such as streets; the pervious and impervious subcatchments must be 
identified for each gutter; and, the locations of each catch basin and each 
sewer must be specified. As a result, the data requirements and computer 
core usage are very large, even for a small test area. In order to evalu- 
ate the local storage methods proposed for this study, such a detailed 
schemat izat ion was necessary. 

For more general studies involving large drainage areas, some 
aggregation of subcatchments is desirable. Measured runoff hydrographs 
have been reproduced successfully using the EPA model with coarse sub- 
catchment data. The performance of the subdivision hydrograph model in 
this respect has not been tested. 

With the present version of the model, the time step (At) in the 
computational procedure is required to be quite small for a stable solu- 
tion to be obtained. A time step of 0.5 minutes was used for this study. 
A numerical technique such as the Newton- Raphson method could be incorpor- 
ated in the model to provide a stable solution for longer time steps, en- 
abling computing costs to be reduced. Time steps of five minutes are used 
in typical applications of the EPA model, which employs the Newton-Raphson 
method. 
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3- ESTIMATION OF STORM SEWER FLOWS FOR STUDY AREA 

3- I Schema t i zat ion of Subdivision 

A plan of the subdivision which was subjected to detailed 
study is shown in Figure k , along with the layout of the existent separate 
sewer network. The primary land use is residential with 383 single family 
lots. As well, there are two small industrial areas, two parks and a 
school. The areas devoted to each land use are: 

Acres 



residential area 


83.2 


industrial area A 


5.2 


industrial area B 


A. 2 


school 


1.1 


park A 


1.8 


park B 


6.1 



Total 101.6 

The sewer network consists of 56 individual links between man- 
holes. The sewers in the line from the uppermost part of the catchment 
to the outfall have been numbered from 1 to 18. For clarity in presenta- 
tion, the only other numbered sewer is sewer no. 56 which connects the 
top part of the catchment to the outfall. 

The original storm sewer design was carried out using the 
rational method with the following runoff coefficients: 

residential areas 0.^5 

industrial areas 0.70 

school 0.60 

parks 0.20 

Details of the existing storm sewers are provided in Table 3- Except for 
storm sewer no. 1, the full-flow velocities are well in excess of the 
desirable minimum of 3 ft/sec (19). The average depth was calculated for 
cost estimation purposes and represents the distance from one foot below 
the finished road surface level to the sewer invert level. 
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FIGURE 4. PLAN OF SUBDIVISION 



Table 3 
Details of Existing Storm Sewers 



Storm 

Sewer 

No. 


Diameter 
(in) 


r — 

Full-flow 
Veloci ty 
(ft/sec) 


L " '■ ■ ' -- - 

Length 
(ft) 


1 

Flow 
Time 
(min) 


Average 
Depth 
(ft) 


1 


15 


2.9 


230 


1.3 


13.1 


2 


18 


3-2 


223 


1.2 


12.5 


3 


21 


3.6 


214 


'•° 


11.7 


4 


21 


3.6 


236 


1.0 


13-0 


5 


27 


4.3 


162 


0.6 


15.9 


6 


30 


4.6 


272 


1.0 


17.4 


7 


33 


4.9 


245 


0.8 


17.5 


8 


33 


4.9 


110 


0.4 


16.8 


9 


36 


5.2 


142 


0.5 


16.6 


10 


36 


5.2 


196 


0.6 


15.9 


11 


36 


5.2 


300 


1.0 


14.8 


12 


42 


5-2 


295 


0.9 


14.8 


13 


42 


5.2 


158 


0.5 


16.4 


l! 


m 


5.7 


145 


0.4 


18.5 


'5 


M 


5-7 


375 


1.1 


20.7 


16 


48 


5.7 


375 


i »-1 


21.0 


17 


54 


6.8 


145 


1 

0.3 


18.6 


18 


54 


6.8 


160 


0.4 


18.6 


Total 






3983 


14.1 
... 


1 
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With the subdivision hydrograph model, a detailed schematiza- 
tion of the subdivision drainage area is required, and Figure 5 shows 
the schemat izat ion for storm sewer no. 1. The average roof area per lot 
is 1,700 sq ft and there are 10 roofs connected directly to the sewer. The 
other impervious areas are the street, which is 19 feet from crown to 
gutter, with two per cent cross-slope and lot driveways which are 10 feet 
wide and ^9 feet long. Facilities such as walkways which drain on to 
lawns are considered as pervious areas. With this schemat i zat ion , the 
average imperviousness of the 83.2 acre residential area is 3^ per cent - 
18 per cent roofs, and 16 per cent streets and driveways. 

From Figure 5, it can be seen that because of the direction of 
slope of the street gutters, only 115 feet of the gutter contributes flow 
to storm sewer no. 1 via catch basins no. 1 and 2. The remaining flow 
drains to catch basins no. 3 and k which connect to storm sewer no. 2. The 
total area contributing to storm sewer no. 1 is 1.1^ acres with 56 per cent 
imperviousness, which is relatively high because of the large proportion 
of roof area. 

The irregularly shaped pervious areas which drain from rear to 
front are represented by equivalent rectangular subcatchments with the 
following dimensions: 

width = gutter length - total driveway width 
length = pervious area/width 

The subcatchment width is the dimension perpendicular to the 
direction of overland flow and the subcatchment length is the dimension 
in the direction of flow. For the pervious area of 10,700 sq ft contri- 
buting to catch basin no. 2, the subcatchment dimensions are: 

width =115-20 - 95 feet 
length = 10,700/95 - 112 feet 

Since the subcatchment length is somewhat less than the distance from the 
rear of a lot to the street gutter (UA feet), the runoff from back lawns 
may be overestimated. 
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FIGURE 5. DRAINAGE PLAN ANO SEWER PROFILE FOR STORM SEWER NO. 1 
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3. 2 Selection of Design Storm 

The choice of return period of the rainfall event used for 
storm or combined sewer design is based on a trade-off between the costs 
of providing sewers and the costs of flooding resulting from stormwater 
flows greater than sewer capacities. With rational method design, an 
average intensity - duration curve for the selected return period is used, 
whereas hydrograph methods require the use of a particular rainfall inten- 
sity-time pattern. It is generally possible to derive average intensity- 
duration relationships from the precipitation record for any area, but a 
definite return period cannot be assigned to individual recorded storms. 
In practice, a synthetic design storm which satisfies the average 
intensity - duration relationship for the selected return period can be 
derived from a statistical analysis of recorded storms. 

The original design of the storm sewers, using the rational 
method, was based on a two-year frequency storm with the following average 
intensity - duration formula: 

m 



i 

ave 



77*77 



This formula is shown graphically in Figure 6. 

A study of storms in the Chicago area indicated that there was 
a consistent variation of rainfall intensity with time, with peak inten- 
sity located at approximately three-eighths of the total storm duration 
(21). A design storm of 180 minutes duration with a peak at 67-5 minutes 
was adopted for sewer design in Chicago. Since no rainfall intensity- 
time data were available for the study area, a synthetic design storm of 
similar form to that for Chicago was assumed. The rainfall intensity 
values were adjusted to provide conformity to the average intensity- 
duration formula used in the original storm sewer design for the 
subdivision. The equations used for the design storm pattern were: 

k * U [0.2(8/3 t b) 0,8 + 8] 
before the peak: 1 = ' s — - 

[(S/^b) - 8 + 8] 2 
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FIGURE 6. AVERAGE INTENSITY - DURATION CURVE FOR DESIGN STORM 



after the pea.: I - ^ [0-2(8/5 V' 8 + 8] 

[(B/S t a)°- S + 8] 2 
i 

where: i is rainfall intensity (in/hr); 

t is time before peak (min); and, 

► t, i s time after peak (min). 

The design storm pattern is shown in Figure 7, together with the average 

intensity over the critical duration (t.). The critical duration is 

d 

located in the period of most intense rainfall and the value of t, equals 
the time of concentration for rational method design. 

3- 3 Storm Sewer Flows for Uniform Intensity Storms 

Since no data were available which would enable calibration of 
the subdivision hydrograph model to the study area, It was decided to 
adjust catchment parameter values to give correspondence between peak 
storm sewer flows calculated using the model and those calculated using 
the rational method. 

Idealized uniform intensity storms were assumed for input hye- 

tographs. Intensity values for a given storm duration were obtained from 

the average intensity - duration formula. 

Whereas antecedent conditions are not considered explicitly 
i 
with the rational method, the rising limb of the design storm can be 

utilized to establish antecedent conditions for the critical period. For 
pervious areas, the infiltration capacity does not drop below the rain- 
fall intensity until the accumulated mass of rainfall exceeds the accum- 
ulated mass of infiltration capacity. This condition is represented by 
the equality of the hatched areas in Figure 8 for an infiltration capacity 
curVje of the form: 

f = 0.53 + (2.00 - 0.53)e"°'° 7t 

Reduction of infiltration capacity occurs after ^3 minutes and ponding of 
water on pervious areas begins after 58 minutes when the rainfall inten- 
sity (i) exceeds the infiltration capacity (f). The cross-hatched area 
is a measure of the depth of ponding at the start of the critical period. 
For impervious areas, depression storage is filled at the start of the 
cr i t i ca 1 per iod . 

2k 







TIME (min) 



FIGURE 7. RAINFALL INTENSITY - TIME PATTERN FOR DESIGN STORM 
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FIGURE 8. DETERMINATION OF ANTECEDENT CONDITIONS FOR UNIFORM INTENSITY STORM 



Uniform intensity storms of different durations were tested at 
time intervals of 0.5 minutes for each of the storm sewers. A set of 
values of catchment parameters, found to give reasonable correspondence 
between peak flows from the hydrograph model and those from the rational 
method, is listed in Table 4. The recommended default values for the 
EPA model are shown in brackets. 

For storm sewer no. 1, based on the hydrograph model, a 3.5 
minute storm with uniform intensity of 4. 10 in/hr gives the maximum peak 
flow of 2.17 cfs; the corresponding sewer flow hydrograph is shown in 
Figure 9. Stormwater flow at the downstream end of the sewer commences 
with the first contribution from directly connected roofs. A time lag 
of 0.5 minutes has been assumed for roof runoff to reach the sewer. The 
flow from roofs increases linearly as the contributing area increases, 
and all roofs are contributing after 1.8 minutes, which is the sum of 
the lag time and travel time from the upstream end of the sewer. The 
roof runoff remains constant until the end of the storm, after which It 
decreases linearly. The runoff from catch basins does not commence until 
overland flow and gutter flow are established. The runoff rate increases 
as water accumulates on ground surfaces and in gutters, and at the end 
of the storm, the runoff recedes as flow depths decrease. The original 
rational method design for storm sewer no. 1 used a time of concentration 
of 7-0 minutes (for which i = 3.45 in/hr), a drainage area of 1.61 acres, 
and a C value of 0. 45 to derive a peak flow of 2.50 cfs. 

From the hydrograph model, the variation of peak flow estimate 
with rainfall duration is illustrated in Figure 10 for storm sewer no. 11, 
which has a contributing area of 29.7 acres with average Imperviousness of 
34 per cent. For storm durations longer than about nine minutes, the peak 
flows from roofs decrease while the flows from catch basins increase 
because of greater overland flow from pervious areas. The peak sewer flow, 
i.e. the sum of flows from catch basins and roofs, has a maximum value of 
32.80 cfs for a storm of 11.5 minutes duration. The estimated time of 
concentration for the rational method design of storm sewer no. 11 was 
15.4 minutes and Figure 10 shows that a storm of this duration would 
produce a slightly lower peak flow. 
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Table k 



Catchment Parameter Values for Subdivision 



Parameter Description 



Subdivision 
Hydrograph 
Model Values 



Ground slope 
Impervious areas: 

Manning roughness 

Average depression depth 
Pervious areas: 

Manning roughness 

Average depression depth 
I nf i 1 1 rat ion: 

Maximum rate 

Minimum rate 

Decay rate 
Gutters: 

Manning roughness 

Side slope 



.013 

1/16 in 

.200 
3/16 in 

2.00 in/hr 
0.53 in/hr 
0.070 min -1 

.016 

51 



EPA Model 
Default Values 



(3*) 

(.013) 
(1/16 in) 

(.250) 
(3/16 in) 

(3-00 in/hr) 
(0.52 in/hr) 
(0.069 min "') 

(-) 

(-) 
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FIGURE 9. HYDROGRAPH AT DOWNSTREAM END OF STORM SEWER NO. 1 FOR 3.5 MINUTF STORM OF UNIFORM INTENSITY 
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FIGURE 10. PEAK SEWER FLOW vs RAINFALL DURATION FOR STORM SEWER NO. II 



A sensitivity analysis was carried out to determine the effects 
on peak flow in storm sewer no. 11 of changing values of catchment para- 
meters. The results are summarized in Table 5. The peak flow is most 
affected by changes in parameters influencing runoff from pervious areas: 
Manning roughness, depression depth and infiltration capacity. The peak 
flow is quite insensitive to changes in roughness and depression depth 
for impervious areas because runoff is well established at the start of 
the critical period. The amount of directly connected roof area has a 
significant influence on peak flow. 

For non-residential areas where detailed information concerning 
land use and drainage was not available, a simplified stormwater runoff 
hydrograph of the form shown in Figure 11 was assumed. The apex of the 
hydrograph is set by the peak flow estimate from the rational method and 
both the rising and recession limb are linear, with length equal to the 
storm duration (t ,). Since the area under the hydrograph is a measure 
of total runoff, this hydrograph form assumes that the runoff coefficient 
C also represents the ratio of volume of runoff to volume of rainfall. 
Such idealized hydrographs have previously been used to investigate the 
effects of storage when only peak flow estimates were available (2*t) . 

3- H Storm Sewer Flows for Design Storm 

Once a set of catchment parameter values was established, the 
concept of an idealized uniform intensity storm was discarded and the 
design storm pattern (Figure 7) was adopted as the input hyetograph. To 
reduce the problem to a manageable size, the rainfall - runoff process 
was not simulated over the full 180 minute rainfall duration. Instead, 
the time origin was fixed at 43 minutes (when infiltration capacity begins 
to decrease), and an 80 minute rainfall was simulated. With this time 
origin, the rainfall peak occurred after 24.5 minutes. The intense rainfall 
was contained in the 80 minute period and since the time of flow through 
the sewer network was only 14.1 minutes, this period was adequate for 
the purposes of the study. 

Because of the varying rainfall intensity - time pattern, the 
shape of the triangular runoff hydrograph for non- res i dent ia 1 areas was 
changed. The peak flow was assumed to occur at a time after the peak 
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Table 5 

Sensitivity Analysis for Peak Flow 

in Storm Sewer No. 1 1 







Peak Flow 


% 


Chanae 


Parameter Description 




(cfs) 


in 


Peak Flov 


BASE RUN 




32.80 




-- 


Ground slope 


2% 


$\M 




-2.9 


Ground slope 


= 6% 


33.68 




+2.7 


Impervious areas: 










Manning roughness 


= .011 


32.83 




+0.1 

| 


Manning roughness 


= .015 


32.77 




-o.i : 


Ave. depression depth 





32.80 




0.0 


Ave. depression depth 


= 1/8 in 


32.80 




0.0 


i o 

Pervious areas: 




1 






Manning roughness 


= .150 


m*n 




+4.0 



Manning roughness 
Ave. depression depth 
Ave. depression depth 
Inf i 1 1 rat ion: 

Maximum rate 
Maximum rate 



Gutters : 



Manning roughness 
Manning roughness 
Side slope 
Side slope 



Average roof area 



= .300 
= 1/8 in 
= 1/4 in 

1.50 in/hr 
3.00 in/hr 

= .020 

= .024 

= 3% 

= 1% 



1,500 sq ft 
1,900 sq ft 



31.78 
36.02 
31 .00 

34.76 
30.26 

32.19 
31.73 
32.38 
33.04 



31 .02 
34.66 



-3.1 
+9.8 
-5.5 

+6.0 
-7.7 

-1.9 
-3-3 
-1.3 

+0.7 



-5.4 
+6.0 
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FIGURE 11. IDEALIZED TRIANGULAR RUNOFF HYDROGRAPH FOR UNIFORM INTENSITY STORM 

(NON-RESIDENTIAL AREAS) 



rainfall equal to the time of flow from the non-residential area to the 
sewer network, and the recession limb was assumed to be 1.67 times as 
long as the rising limb. With this assumption, the peak runoff was 
located at three-eighths of the total runoff duration. Since the peak 
rainfall is located at three-eighths of the total rainfall duration, the 
assumption should be reasonably accurate. Figure 12 illustrates the 
idealized runoff hydrograph for industrial area A, for which the peak 
flow estimate from the rational method is 1 1 . 4 cfs and estimated flow 
time to the sewer network is 2.5 minutes. 

The area under the hydrograph gives a measure of the total 
volume of runoff. 

Total volume of runoff from industrial area A 

= 1/2 x ll.lt cfs x 72 mins x 6 ? S ? C = 24,600 cu ft 

1 mm 

The volume of rainfall on industrial area A 

i 0) ■ ! ft r -> 43,560 sq ft - r ,. nn - 

= 1.84 in x ,, . x 5-2 acres x £ *4 f = 35,500 cu ft 

12 in I acre 



Volume 
Volume 



of runoff 24,600 n Aq 
of rainfall 35,500 y 



The total volume of runoff with the assumed hydrograph agrees closely 
with that which would be obtained using a runoff coefficient of 0.70 for 
industrial areas. 

The sewer flow hydrograph resulting from the design storm is 
much different in form to that resulting from a uniform intensity storm. 
The two hydrographs for storm sewer no. 11 are compared in Figure 13- 

The peak sewer flow from the design storm is 37.16 cfs, an 
increase of 13 per cent over the peak flow from the uniform intensity 
storm. But, more importantly, the hydrograph has a much flatter reces- 
sion limb and the total volume of runoff, measured by the area under the 
hydrograph, is much greater. This discrepancy could be partly overcome 
by modelling a uniform intensity storm of longer duration so that the 
total volume of runoff is increased, while the peak flow is decreased 
only si ight ly . 
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FIGURE 12. IDEALIZED TRIANGULAR RUNOFF HYDROGRAPH FROM INDUSTRIAL AREA A FOR DESIGN STORM 
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FIGURE 13 



COMPARISON OF HYDROGRAPHS IN STORM SEWER NO. 11 FOR I1. 5 MINUTE UNIFORM INTENSITY STORM 
AND FOR DESIGN STORM 



It is apparent that the form of the runoff hydrograph 15 quite 
sensitive to the choice of design storm. Although the synthetic storm 
may be considered to have some unreal qualities, it was generally developed 
from study of a precipitation record and it can constitute an appropriate 
design storm. An alternative approach could be to simulate actual recorded 
storms and to use the resulting hydrographs for design purposes. 

The hydrograph of flow into a typical catch basin, catch basin 
no. 21 on storm sewer no. 11, is shown in Figure 14 for the design storm. 
The peak flow into this catch basin is 0.47 cfs. There are 129 catch 
basins within the residential part of the subdivision and because of 
different contributing areas, the hydrographs at each of the catch basins 
differ. Figure 15 shows the cumulative frequency distribution of peak 
flows into catch basins. Peak flows vary from 0.12 cfs to 0.94 cfs and 
the median peak flow is 0.50 cfs and 50 per cent have a peak flow greater 
than 0. 50 cfs. 

The peak storm sewer flow estimates from the rational method 
and from the subdivision hydrograph model, with both uniform intensity 
storms and the design storm, are compared in Table 6. Good agreement is 
achieved between the peak flow estimates from the rational method and 
from the hydrograph model with uniform intensity storms. The corresponding 
storm durations are from two to four minutes shorter with the hydrograph 
model. When the design storm is substituted for uniform intensity storms, 
peak flows are increased by from 10 to 14 per cent. 

The hydrograph of storm sewer flow from the subdivision for the 
design storm is shown in Figure 16. The total flow from the subdivision 
is the sum of the flows in the storm sewers which join at the outfall, 
i.e. storm sewers no. 18 and 56. Because of a shorter flow time from the 
uppermost inlet, the peak flow occurs earlier in storm sewer no. 56. The 
peak flow from the subdivision is 120.9 cfs and occurs after 34 minutes; 
the total volume of stormwater outflow after 80 minutes is 264, 400 cu ft. 

The relative contributions of the residential area, the two 
industrial areas and the school, and the parks to peak flow and to total 
stormwater volume are given in Table 7. 
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FIGURE ]U. 



HYDROGRAPH OF STORMWATER FLOW INTO TYPICAL CATCH BASIN FOR DESIGN STORM 
(CATCH BASIN NO. 21 ON STORM SEWER NO. 11) 
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Table 6 





Compari sor 


of Storm Si 


iwe r Flow Estimates 




from Rational Method and from 


Subdivision Hydrograph Model 


i 


Rational Method 


Subdivision Hydrograph Model 


Storm 
Sewer 


Uniform Intensity Storm 


Design StorrT 


No. 


Storm 
Durat ion 

(min) 


Peak Flow 
(cfs) 


Storm 
Duration 

(min) 


Peak Flow 

(cfs) 


Peak Flow 
(cfs) 


' 


7.0 


2.50 


3-5 2.17 2.41 


2 


8.3 


3.90 


4.5 4.37 4.78 


3 
4_ 


¥ 


9-5 8.65 

i 


5.5 8.07 8.93 
6.5 9.47 10.80 


5 


11.5 


17.00 


9.0 ,8.07 19.84 


6 


,2.1 


19. 40 


9-0 ,8.32 20.92 


7 

£ 


- 


,3.1 

: 


26.60 


9.0 23.80 26.70 
10.0 24.84 27-94 


9 


t*.-3 30.20 


10.0 29.20 32.06 


10 


U..8 1 33.12 


10.0 ! 3,-23 34.45 


11 


15.* 14,61 


11.5 ; 32.80 37.16 


12 


I6.it W, 10 


12.0 j 44.02 49.98 


13 


17-3 47-83 


12.0 44.72 j 51.04 


14 


17-8 67.96 


13.0 68.11 73.82 


15 


] 8.2 69.23 j 14.5 69-73 76.99 


16 


19.3 


69.63 


,5.5 70.28 79.02 


17 


20.it 


80.40 


,7.5 


81 .02 


91 .61 


18 


20.7 


89-39 


17-5 


87.34 


99.58 
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~" ~~ Total Storm Sewer Flow 

— ■ • — Flow from Storm Sewer No. 18 

— • — — Flow from Storm Sewer No. 56 
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FIGURE 16. HYDROGRAPH OF STORM SEWER FLOW FROM SUBDIVISION FOR 
DESIGN STORM 
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Table 7 
Contributions of Different Land Uses 



to Storm Sewer Flows from Subdivision 





Land Use 


Area 
(acres) 


Peak Flow 
(cfs) 


Peak Flow/ 
Unit Area 
(cf s/acre) 


Stormwater 
Vo i ume 
(cu ft) 


Res ident tal 


83.2 


9^.7 


1.1** 


202,500 


1 ndustr ial , School 


10.5 


21.2 


2.02 


50,000 


Park 

■m— rrar- 


7-9 


5.0 


0.63 


11,900 


Total 


101.6 


120.9 


1.19 


26M00 



The results indicate that, although they occupy only a small 
part of the catchment, the industrial areas and the school make a rela- 
tively large contribution to stormwater flows because of their high 
imperviousness. The higher cfs/acre value suggests that the benefits 
of storage could be greater in these areas and that they should be sub- 
ject to detailed study. However, as the purpose of this study was to 
investigate the effects of storage in residential areas, simplified 
triangular hydrographs of the form shown in Figure 12 were retained for 
non- res ident i al areas. 
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*». COMBINED SEWER DESIGN AND FLOW ESTIMATION 
%• I Existing Sanitary Sewer System 

Design of the existing sanitary sewer system for the subdivision 
was based on the following peak wastewater flow rates: 

maximum hourly flow 
residential area .015 cfs/acre 

industrial area, schools .025 cfs/acre 

As well as flows from the land uses within the 101.6 acre subdivision, 
the sanitary sewer system was designed to accommodate a peak inflow of 
2.0 cfs from an 80 acre industrial area at the upstream end of sanitary 
sewer no. 1. Pipe diameters in the main line of the sanitary network are 
15 inches for sewers no. 1 to 13 and 18 inches for sewers no. \h to 18. 
The diameter of all other links in the network is eight inches, the 
minimum pipe size allowed by the municipality. 

A. 2 Combined Sewer Design 

For combined sewer design, the two-year design storm was assumed 
to be coincident with the peak sanitary flow and the sewers were sized to 
handle the combined sanitary and stormwater flows. 

The principles of combined sewer design are similar to those 
of storm sewer design except that higher minimum velocities are desirable. 
To provide adequate movement of dry weather flows, a minimum sewer full- 
flow velocity of five ft/sec is recommended (19). This means that combined 
sewers must be laid at steeper grades than storm sewers. Also with higher 
full-flow velocities, manhole losses are greater for combined sewers. The 
allowances for losses were increased from 0.10 feet (with storm sewers) 
to 0.20 feet for in-line manholes, and from 0.25 feet to 0.35 feet for 
manholes where a change in pipe size occurred. An allowance of 0.50 
feet was made for junction manholes. 

A combined sewer design was carried out and details of peak 
flows, sewer diameters and full-flow velocities, and average depths are 
presented in Table 8 for the main sewer line. 
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Table 8 



Details of Combined Sewer Design for Subdivision 



Combi ned 
Sewer 
No. 


Peak Flow 
(cfs) 


Diameter 

(in) 


Ful 1-Flow 

Velocity 

(ft/sec) 


, 

Average 
Depth 
(ft) 












1 


4.56 


15 


5.1 


13.9 


2 


7-04 


18 


5.1 


14.9 


3 


11.32 


21 


5.1 


14.8 


4 


13- 18 


24 


5.6 


16.7 


5 


22.74 


30 


5.6 


18.7 


6 


23.96 


30 


5.3 


21.2 


7 


30.17 


33 


5.3 


21.8 


8 


31.40 


36 


5.3 


22.1 


9 


35.69 


36 


5.2 


22.1 


10 


38.35 


39 


5-5 


21.8 


11 


41.13 


39 


5.5 


20.7 


12 


54.40 


48 


5.7 


20.9 


13 


55.48 


48 


5.7 


22.6 


14 


78.84 


54 


5.5 


24.7 


15 


82.02 


54 


5.5 


26.9 


16 


84.05 


54 


5-5 


27.3 


17 


96.70 


60 


5-9 


24.7 


18 

> 


104.67 


60 

. 


5-9 

I 


24.7 

i 
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The hydrograph mode! was re-run with the sanitary flows in- 
cluded and the peak sewer flows were obtained from the corresponding hy- 
drographs. The combined sewer diameters are, at most, one size increment 
larger than the separate storm sewer diameters. The time of flow through 
the combined sewer network is 12.2 minutes because of higher full-flow 
velocities. The average depth of sewers is increased considerably, and 
the depth of a combined sewer at the outfall from the subdivision would 
be about six feet greater than that of the existing storm sewer. 

The increased depth of combined sewers follows directly from 
the requirement of a higher full-flow velocity than for storm sewers. If 
velocities less than five ft/sec are accepted for combined sewers, average 
depths will be reduced and the costs of the combined sewer system will be 
lowered. The sensitivity of sewer costs to changes in full-flow velocity 
was not tested in this research. 

Since cost functions relating unit sewers costs to sewer dia- 
meters and depths were not considered at the design stage, the degree of 
optimal ity reached in the combined sewer design cannot be stated precise- 
ly. However, high excavation costs generally dictate that sewers be 
located as near as practicable to the surface, within the constraints of 
minimum acceptable sewer depths and velocities. This consideration was 
included in the combined sewer design. 

k. 3 Combined Sewer Flows from Subdivision 

The hydrograph of combined sewer flow from the subdivision for 

the design storm is shown in Figure 17- The relative contributions of 

sanitary flow and stormwater flow are as follows: 

Total Flow Volume 
(cu ft) 



Peak 1 

(cf: 


r low 

3) 


3 
122 


.3 



Sanitary 3-^ 16,300 

Stormwater 122.3 26*t,900 



Total 125-7 281,200 

The peak combined flow for the design storm is about 40 times 
the peak sanitary flow. For investigation of low flow conditions, the 
following ratios were assumed for sanitary flows: 
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^— Total Combined Sewer Flow 

— — Flow from Combined Sewer No. 18 

— ~- — Flow from Combined Sewer No. 56 
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FIGURE 17. HYDROGRAPH OF COMBINED SEWER FLOW FROM SUBDIVISION 
FOR DESIGN STORM 
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maximum hourly flow 3 
average daily flow ~ T 

minimum hourly flow 1 
average daily flow J 

Hence the peak wet weather combined flow is about 120 times the average 
dry weather sanitary flow. 

The velocities of sanitary flows in the combined sewers during 
dry weather periods would be less than those in separate sanitary sewers. 
For example, the peak flow in sanitary sewer no. 18 is 3.07 cfs. From 
the above ratios, the minimum hourly flow 

= 3-07 x 1/3 x 1/3 = 0.34 cfs 
The flow velocity at the minimum hourly flow rate in the 18 inch diameter 
sewer is 1.8 ft/sec. The flow velocity in a 60 inch combined sewer would 
be 1.3 ft/sec, so that there would be a greater tendency for solids to 
accumulate in the combined sewer during dry weather periods. 
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5. EFFECTS OF STORAGE 

5- I Storage Routing Functions 

This section describes the routing functions incorporated in 
the model for each of the storage methods. The fundamental relationship 
involving storage is: 

rate of inflow = rate of outflow + rate of storage 

The rate of outflow is governed by the routing function adopted. 

5.1.1 Roof ponding 

Rainfall may be detained on flat roofs by means, for example, 
of raised outlets. Runoff from a roof is zero until the depth of rain 
exceeds the detention depth, after which the overflow becomes the roof 
runoff hydrograph. Figure 18 illustrates the effect of allowing one 
inch of ponding on the runoff hydrograph from a typical 1 700 sq ft roof 
for the two-year design storm. Runoff commences after 30 minutes and 
the total volume of water stored on the roof is 142 cu ft. 

5.1-2 Site storage of roof runoff 

When ponding on roofs may not be an acceptable practice, roof 
runoff may be conveyed to a site storage facility such as an underground 
tank from which the runoff is released to the sewer at a controlled rate. 
For preliminary analysis, a constant outflow from the site storage was 
assumed. A constant outflow has previously been used in the investi- 
gation of local storage alternatives for Denver (24). The effect of 
allowing a variable release rate from storage was not tested in this 
research, but alternative methods of storage operation would need to be 
considered at the design stage. 

The effect of a constant outflow from site storage of 0.04 cfs 
on the roof runoff hydrograph is shown in Figure 19. The storage begins 
to fill after 15 minutes and to empty after about 40 minutes. The re- 
quired volume is 63 cu ft. 
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FIGURE 18. EFFECT OF ROOF PONDING ON ROOF RUNOFF HYDROGRAPH FOR TYPICAL 1700 sq ft ROOF 
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5.1-3 Catch basin storage 

In conventional sewer systems, the purpose of catch basins is 
to remove grit which might otherwise be deposited in sewers. It would 
seem worthwhile to utilize the volumetric capacity of catch basins or of 
similar underground structures to reduce peak flows from street gutters 
into sewers. Figure 20 illustrates the effect of limiting outflow to 
0.30 cfs on the hydrograph for catch basin no. 21. The storage volume 
needed at this catch basin is 1 58 cu ft. 

Because of the different flows to each of the 129 catch basins 
in the subdivision, the storage requirements for a given outflow vary. 
The cumulative frequency distribution of storage volumes for an outflow 
of 0.30 cfs is shown in Figure 21. Eleven per cent of the catch basins 
have peak inflows less than 0.30 cfs and require no storage. The maxi- 
mum storage requirement is 800 cu ft, and the median storage volume is 
about 180 cu ft. 

%'.},H Holding reservoirs 

Holding reservoirs may be located at various points in the 
sewer network to modify sewer flow-time patterns during storms. A con- 
stant outflow could be assumed for a holding reservoir. In practice, 
this could be achieved by constant rate pumping from the reservoir to a 
downstream sewer. 

If control by gravity is desired, outflow from the reservoir 
could probably be governed by an orifice or weir. A stepwise procedure 
similar to that for calculating overland flow has been adopted for the 
case of orifice control. The steps in the procedure are as follows: 

I. The depth of water after inflow occurs is calculated: 

Y = Y + &. At 
1 t A h 

where: Yj is water depth after inflow occurs (ft); 

Yt is water depth at time t (ft); 

Q_j n is inflow in time interval At (cfs); 

A n is area of holding reservoir (sq ft); 

At is length of time interval (sec). 
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FIGURE 20. EFFECT OF STORAGE ON TYPICAL CATCH BASIN OUTFLOW HYDROGRAPH (CATCH BASIN NO. 21 ON 
STORM SEWER NO. I I ) 



Ml 




100 



200 



300 i*00 500 

CATCH BASIN STORAGE VOLUME (cu ft) 



600 



700 



Boo 



FIGURE 21 



CUMULATIVE FREQUENCY DISTRIBUTION OF CATCH BASIN STORAGE VOLUMES FOR STORAGE 
OUTFLOW = 0.30 cfs 



2. The outflow rate is calculated using the orifice formula: 



= 0.62 x A n x flgvL 



out 

where: is outflow in time interval At (cfs); 
out 

A is area of orifice (sq ft); 

H is head of water above orifice centreline (ft) 
o 

= Y, - orifice diameter/2.0 
3. The depth of water at the end of the time interval is calculated: 

Y = Y - fe£ At 

Y t + At T l A h At 

h. Steps 1 to 3 are repeated for successive time intervals. 

5- The required storage volume is calculated 

Storage volume = Y, x A h 
3 1 max n 

where: Y. is maximum value of Y. 
I max t 



5 . 2 Effects of Storage on Storm Sewer Flows 

The effect of each storage type on the subdivision outflow 
hydrograph from the design storm was investigated for a range of storage 
parameter values. The results for separate storm sewers with eight 
storage options are summarized in Table 9- For each option, the peak 
flow and the volume of outflow during the 80 minute simulation period 
are recorded. The reduction in peak flow rate is a primary measure of 
the effectiveness of storage. The reduction in outflow volume measures 
the effectiveness of storage in limiting runoff during the rainfall 
period, when demands on the wastewater collection system are greatest. 
The storage methods do not reduce the total volumes of runoff. 

The unit storage volume shown in Table 9 is the volume required 
for the appropriate storage facility. For catch basin storage, which 
varies between individual catch basins, the maximum storage requirements 

have been recorded. 

For roof ponding (option l), site storage of roof runoff 
(option 2) and catch basin storage (option 3), cases (a), (b) , (c) and 
(d) assume no storage of runoff from industrial areas. Case (e) 
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Table 9 



Effects of Storage on Storm Sewer Flows from Subd i v i s i on 



Storage Option 



No Storage 

1 . Roof ponding 

Ponding depth (a) 0.5 in 

(b) 1 .0 in 

(c) 1.5 in 

(d) 2.0 in 

(e) 2.0 in* 

2. Site storage of roof runoff 

Outflow rate (a) 0.08 cfs 

(b) 0.04 cfs 

(c) 0.02 cfs 

(d) 0.01 cfs 

(e) 0.01 cfs* 

3- Catch basin storage 

Outflow rate (a) 0.40 cfs 

(b) 0.30 cfs 

(c) 0.20 cfs 

(d) 0.10 cfs 

(e) 0.10 cfs* 



Unit 
Storage 

Vol ume 
(cu ft) 



71 
1 i*2 

213 
260 
260 



24 

63 

109 

158 

158 

520 

800 
1,1 00 

1500 
1500 



Peak 
Outflow 
(cfs) 



Reduct i on 
in Peak 
u t f 1 ow 
(%) 



120.9 



119.7 
99-5 
82.7 
82.7 

75.0 



113-3 
98.0 

90.3 
86.5 
78.8 



111.3 

10*1.2 

94.9 

83.7 

74.9 



4 . Holding reservoir at outfall (constant outflow) 



Outflow rate (a) 90.0 cfs 

(b) 60.0 cfs 

(c) 30.0 cfs 



20,500 
64,600 
40,400 



90.0 
60.0 
30.0 



1.0 
17.7 
31.5 
31.5 
37-9 



6.3 
18.9 
25-3 
28.4 

35-7 



7.9 

13-8 
21.5 
30.7 
38.0 



25.6 
50.2 
75.0 



Outflow 
Vol ume** 
(cu ft) 



264,400 



248,400 
221 ,600 
193,600 
189,700 
169,700 



264,000 
252,800 
223,600 
206,700 
186,700 



260,200 
248,200 
223,100 
186,600 
166,600 



264,400 
236,600 
128,500 



Reduct i on 

i n 
Outflow 

Vol ume (20 



6.1 
16.2 
26.8 
28.2 
35-8 



0.2 

4.4 

15-4 

21.8 

29.4 



1.6 

5.9 

15.6 

29-5 

37.0 



0.0 
10.6 

51.4 



Cont inued 
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Table 9 'cont'd! 



r fccts o r Storage on Storm Sewer Flows from Subdivision 



Storage Opt ion 



Uni t 
Storage 
Vol ume 
(cu ft) 



Peak 
Outflow 
(cfs) 



Reduct ion 
in Peak 
Outflow 

m 



5 . Holding reservoir at outfall (orifice outflow control 



Reservoir area= 10,000 sq ft 

Orifice diameter (a) 1 8 in 1 64 , 300 

(bj 30 in 95,200 

Reservoir area = 20,000 sq ft 

Orifice diameter (c)l8 in 191,200 

(d)30 in 129,000 

6 . Roof po ndin g and catch basin storage 



Ponding depth = 2 in 
Catch basin outflow 
rate = 0.30 cfs 



260 
800 



35.0 
70.3 

26.1 
55-7 



61.1 



71.0 
41.7 

78.2 
53.9 



49.4 



7 . Holding reservoir at upstream manhole of sewer no. 14 



Outflow rate = 50.0 cfs 



15,600 



105.8 



8. Holding reservoirs both upstream and at outfall 



Outflow rates: 

upstream 50.0 cfs 
at outfal 1 60.0 cfs 



15,600 
56,200 



60.0 



12.5 



50.2 



* Industrial area runoff reduced by k0%. 
** Outflow volumes for 80 minutes duration. 



Outflow 
Vo 1 ume"' (1 
(cu ft) 



Reduct i on 

i n 
Outf 1 ow 
volume^) 



106,700 
210,800 

76,000 
163,000 



173,500 



264,400 



236,600 



59.8 

20.3 

71.1 
38.4 



34.4 



0.0 



10.6 



5b 



considers a kO per cent reduction in industrial area runoff. This 
figure was established by examining the flow reductions for a purely 
residential area, namely the 29-7 acre area contributing to storm sewer 
no. 11. The effects of storage options 1 <d) , 2(d), and 3(d) on flows In 
storm sewer no. 11 are shown in Table 10. Flow reductions of about 
*»0 per cent occur in each case and it seems reasonable to allow a similar 
reduction for industrial areas, if the same storage is incorporated in 
them. 

5-2.1 Roof ponding 

A ponding depth of 0.5 inches is not effective in reducing peak 
flow from the subdivision for the design storm because overflow from the 
roof takes place before the peak rainfall intensity occurs. As ponding 
depth is increased, peak flow is reduced, with a 31.5 per cent reduction 
for a ponding depth of two inches. Similar levels of reduction in volumes 
of outflow are achieved. In fact, allowance for ponding greater than 
the total rainfall of I . Bk inches will not decrease outflows any further 
because all roof runoff has been eliminated. The total volume of water 
stored on a typical 1,700 sq ft roof Is 260 cu ft. When additional stor- 
age is provided in industrial areas, peak flow Is reduced by a further 
6.4 per cent. Figure 22 shows that the effect of roof ponding is to lower 
the subdivision outflow hydrograph. 

5-2.2 Site storage of roof runoff 

Site storage of roof runoff modifies the steep portions of the 
rising and recession limbs of the roof runoff hydrograph (Figure 19). For 
storage outflow rates between 0.08 cfs and 0.01 cfs, reductions in peak 
flows from the subdivision are of similar magnitude to those for roof 
ponding. But because runoff is released from site storage with little 
delay, the reductions in stormwater volumes from the subdivision over 
the 80 minute period are not as great. Depending on the storage outflow 
rate, the storage volume required per residential lot varies from 2k cu 
ft to 158 cu ft. The effect of site storage of roof runoff is to lower 
the outflow hydrograph peak and to flatten the recession limb, as shown 
in Figure 23- 
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Table 10 



Effects of Storage on Flows in Storm Sewer No. 1 



Storage Option 


Peak Sewer 
Flow 
(cfs) 


Reduct ion 
in Peak 
Sewer Flow 
t» 


Fl ow 
Vol ume 
(cu ft) 


Reduction | 
i n F 1 ow 
Volume 
(%) 


No Storage 

1 . Roof pond i ng 
Ponding depth = 2 in 

2. Site storage of roof runoff 
Outflow rate = 0.01 cfs 

3. Catch basin storage 
Outflow rate = 0. 10 cfs 


37.16 

21.40 

22.78 
22.42 


42.4 

38.7 
39-6 


72,900 

45,900 

52,100 
45,600 


■ 

37.0 

28.5 

37.5 
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FIGURE 22. EFFECT OF ROOF PONDING ON STORM SEWER FLOW FROM 
SUBDIVISION 
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FIGURE 23. 



EFFECT OF SITE STORAGE OF ROOF RUNOFF ON STORM SEVER 
FLOW FROM SUBDIVISION 
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5-2-3 Catch basin storage 

As the outflow rate from each catch basin is lowered from 0.1*0 
cfs to 0.10 cfs, the reduction in peak storm sewer flow from the subdivi- 
sion increases from 7-9 per cent to 30.7 per cent, and to 38.0 per cent 
with additional storage in industrial areas. For a given storage out- 
flow rate, the required storage volume varies between catch basins. 
The storage required at the catch basin with the largest inflow increases 
from 520 cu ft to 1,500 cu ft as the outflow rate is lowered. The ef- 
fect of catch basin storage on the subdivision outflow hydrograph is 
illustrated in Figure 24. Because the directly connected roof runoff be- 
comes the dominant contributor to sewer flow, the peak outflow Is 
slightly advanced in time. 

5-2.4 Holding reservoir at outfall (constant outflow) 

When a holding reservoir is located at the outfall, the oppor- 
tunity exists for centralized targe-scale modification of flows from the 
subdivision. The outflow rates can be made as small as desired, but 
corresponding increases in storage volumes result. For example, when 
pumping from the reservoir is provided, the pumping rate can be fixed at 
90 cfs and 20,500 cu ft of storage is necessary. The form of the outflow 
hydrograph for a holding reservoir with constant outflow is shown in 
Figure 25- 

5-2-5 Holding reservoir at 'outfall (or if ice outflow cont rol ) 

In a gravity flow system, the size of an orifice outlet can be 
adjusted to modify flow from storage. For example, if an area of 
10,000 sq ft is available for a holding reservoir, a 30 inch diameter 
orifice will limit the peak outflow to 70.3 cfs. The storage volume 
needed is 95,200 cu ft. As well as reducing peak flow, orifice control 
increases the time to peak, as shown in Figure 26. 

5-2.6 Roof ponding and catch basin storage in combinatio n 

The storage options may be used in combination as well as 
separately. If roof runoff is eliminated by ponding to a depth of two 
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FIGURE 2k. EFFECT OF CATCH BASIN STORAGE ON STORM SEWER FLOW 
FROM SUBDIVISION 
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FIGURE 25- EFFECT OF HOLDING RESERVOIR WITH CONSTANT OUTFLOW ON 
STORM SEWER FLOW FROM SUBDIVISION 
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FIGURE 26. EFFECT OF HOLDING RESERVOIR WITH ORIFICE OUTFLOW CONTROL 
ON STORM SEWER OUTFLOW FROM SUBDIVISION 
(Reservoir Area = 10,000 sq ft) 
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inches and if outflow from catch basins is restricted to 0.30 cfs, peak 
outflow from the subdivision is reduced by almost 50 per cent. 

5-2-7 Holding reservoir at upstream locations 

The effects of locating a holding reservoir upstream from the 
outfall were also investigated. Flow modification at upstream points may 
enable reduction in downstream sewer sizes. Two major sewer lines join 
at the upstream manhole of sewer no. 14, Without storage, the peak in- 
flow to storm sewer no. 1 *t is 72.8 cfs. If the inflow is limited to 50 
cfs by means of a small holding storage, the peak flows in sewers no. I *t 
to 18 are lowered and the peak outflow from the subdivision is reduced 
from 120.9 cfs to 105.8 cfs. The required storage volume is 15,600 cu ft. 

5-2.8 Holding reservoirs at upstream location and at outfall 

Holding reservoirs may be located at various points in the 
sewer network. If storages are placed both at the upstream manhole of 
storm sewer no. 1^ and at the outfall, the peak flow from the subdivision 
may be reduced to 60.0 cfs with a total storage volume of (15,600 + 56,200) 
71,800 cu ft. The same reduction in peak flow would be achieved by 
a single reservoir at the outfall with a storage volume of 6^,600 cu ft. 

5- 3 Effects of Storage on Combined Sewer Flows 

The effects of storage on combined sewer flows from the sub- 
division were also investigated, and the results are summarized in 
Table 11. Storage options 7 and 8, involving on-line holding reservoirs 
within the subdivision, were not tested for the combined sewer network. 
Water quality problems associated with combined sewer flows would prob- 
ably make the use of these options impractical for very small drainage 
areas. These problems might be overcome to some extent by providing 
off-line storage, which would be utilized only during heavy storms. 

The results are quite similar to those for separate storm 
sewers. For roof ponding, site storage of roof runoff, and catch basin 
storage, all of which would involve detention of stormwater flows, the 
storage requirements are unchanged. But because of the inclusion of 
sanitary flows, the per cent reductions in subdivision outflows are 



Table 1 1 



Effects of Storage on Combined Sewer Flows from Subdivision 









Unit 




Reduction 




Reduct i on 








Storage 


Peak 


in 


Outf Iqw 


i n 


Storage Option 






Vol ume 


Outflow 


Peak 


Vol ume 


Outflow 








(cu ft) 


(cfs) 


Outf lowU) 


(cu ft) 


Vo1ume(?) 


No Storage 









125-7 




281 ,200 




1 . Roof pond ing 
















Ponding depth (a) 


0.5 


i n 


71 


125.4 


0.2 


265,200 


5-7 


(b) 


1 .0 


in 


142 


103-4 


17-7 


238,400 


15-2 


(c) 


1.5 


in 


213 


87-0 


30.8 


210,400 


25-2 


(d) 


2.0 


i n 


260 


87.0 


30.8 


206,400 


26.6 


(e) 


2.0 


In* 


260 


79-1 


37.1 


186,400 


33.7 


2. Site storage of roof runoff 












Outflow rate (a) 


0.08 


cfs 


24 


117.6 


6.3 


230,800 


0.1 


(b) 


0.04 


cfs 


63 


102.3 


17.8 


269,800 


4.0 


(0 


0.02 


cfs 


109 


94.6 


24.7 


240,400 


14.5 


(d) 


0.01 


cfs 


153 


90.8 


27.8 


22 3,400 


20.6 


(e) 


0.01 


cfs* 


158 


82.9 


34.1 


203,400 


27.6 


3- Catch basin stora 


ge 














Outflow rate (a) 


0.40 


cfs 


520 


1 15-3 


7-9 


277,200 


1.4 


(b) 


0.30 


cfs 


800 


108.7 


13-5 


265,200 


5-7 


(c) 


0.20 


cfs 


1,100 


99.3 


21.0 


240,100 


14.6 


(d) 


0. 10 


cfs 


1,500 


87-9 


30. 1 


203,400 


27.6 


<e) 


0. 10 


cfs* 


1,500 


79-2 


37.0 


183,400 


34.8 


4 . Holding reservoir 


at outfal 1 


(constan 


t outflow 


-) 


281 ,200 


0.0 


Outflow rate (a) 


90.0 


cfs 


25,000 


90.0 


28.5 


(b) 


60.0 


cfs 


71,700 


60.0 


52.2 


242,300 


13-8 


(c) 


30.0 


cfs 


152,300 


30.0 


76.2 


152,300 


45.9 



Cont i nued , 
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Table 11 (Cont'd) 
Effects of Storage on Combined Sewer Flows from Subdivision 



Storage Option 



Unit 
Storage 
Vo 1 ume 

(cu ft) 



Peak 

Outflow 

(cfs) 



Reduct ion 
i n 
Peak 
Outf low(%) 



5- Holding reservoir at outfall (orifice ou tflow control) 
Reservoir area = 10,000 sq ft 
Orifice diameter (a) 18 in 

(b) 30 in 

Reservoir area m 20,000 sq ft 
Orifice diameter (a) 18 in 

(b) 30 in 

6. Roof ponding and catch basin storage 
Ponding depth = 2 in 
Catch basin outflow rate 
= 0-30 cfs 



* Industrial area runoff reduced by A0I 
"" Outflow volumes for 80 minute period. 



Outflow 
Volume' r ' : 
(cu ft) 




111,900 
222,300 



Reduction 
i n 
Outflow 
Volume(£) 



60.2 

21.0 



79,900 


71.5 


172,000 


38.8 


190,^00 


32.3 
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slightly smaller than for storm sewers. For the same reason, larger 
holding reservoir storages are needed to reduce combined flows to the 
same level as stormwater flows. 

Although the results show that small storage volumes are not 
very effective in reducing peak flows for the design storm, small amounts 
of storage will reduce pollution from combined sewer overflows for 
storms of lesser magnitude. For example, small depths of roof ponding 
will retad runoff from low intensity storms and a greater proportion of 
total runoff volume will be diverted to interceptors for treatment. 

5- k Storage versus Peak Flow for Holding Reservoirs 

In view of the obvious advantages of holding reservoirs in 
terms of large-scale f low mod i f i cat ion , it seems worthwhile to pursue 
further the properties of this type of storage. Figure 27 shows the re- 
lationship between required storage volume and peak outflow from the sub- 
division for a holding reservoir located at the separate storm sewer 
outfall. Curves are drawn for holding reservoirs both with constant 
outflow and with outflow controlled by a 30 inch diameter orifice. 

For any level of flow reduction, the storage volume required 
in a holding reservoir with orifice outflow control is greater than that 
in a reservoir with constant outflow. Furthermore, the outflow is govern- 
ed by the dimensions of the storage, according to the orifice formula. 
The relationship between flow and depth of storage is shown in Figure 27 
for a 30 inch diameter orifice. 

If, for example, it is desired to reduce peak storm sewer flow 
from the subdivision to 50 cfs, 85,000 cu ft of storage will be required 
in a reservoir with pumped outflow. A reservoir with gravity outflow 
controlled by a 30 inch orifice must have 1^2,000 cu ft of storage. 
Furthermore, the depth of storage must not exceed 5-2 feet or the out- 
flow will be more than 50 cfs. Then the reservoir area must be greater 
than 1^+2,000/5.2 = 27,^*00 sq ft, i.e. more than half an acre. 

A family of curves such as in Figure 27 may be drawn for orifices 
of different diameters. Then the orifice size may be selected to give 
maximum possible flow reduction within the constraints of available 
area and available elevation. In choosing between the gravity and pump- 
ed systems, the costs of land and of storage construction must be traded 
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FIGURE 27. STORAGE VOLUME AND DEPTH vs PEAK FLOW FOR STORMWATER 
HOLDING RESERVOIR 
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off agar st the capital and operating costs of pumping, having regard 
a I so to reliability. 
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6. COSTS OF SEWER SYSTEM COMPONENTS 

6- I Separate System Costs 

The principal components of conventional sewer systems are 
sewer pipes, manholes and catch basins. When storage of the types inves- 
tigated in this study is incorporated, storage elements become important 
components in the system. The costs of these components are examined in 
the following sections. 

6.1.1 Sewer pipe costs (separate) 

The costs of excavation, pipe supply and pipe installation form 
the major costs in conventional gravity sewer systems. A U.S. study 
assembled cost estimates for five contracts with pipe diameters ranging 
from 8 inches to 2k inches placed in different types of soils at depths 
of up to 20 feet (25)- Multiple regression equations were fitted to the 
data and equations found to give good fit to all data groups were of the 
form: 

C . = x + yD 2 + zH 2 

pi pe ' 

where: '■"□ine ' s un ' t cost °^ excavation, pipe supply 

and pipe installation ($/ft); 
D is internal diameter of pipe (ft); 
H is average depth to pipe invert (ft); and, 
x, y, z are constants. 

A similar equation was used to compare the estimated unit costs 
with tender prices for the original separate sewer system of the sub- 
division studied in this research. Because the original system incorpor- 
ated common trench construction, i.e. both the sanitary sewer and the 
storm sewer at the same depth in a single trench, two terms were intro- 
duced for the diameters of the two pipes. An equation found to give 
good agreement with the tender prices is: 

C = 4.8 + 4. 2 + 2.3 2 + .04IH 2 
sep san stm 



where 



C is unit cost, of separate sewers (i.e. sanitary plus Sturm) 

(S/ft); 
D is diameter of sanitary sewer (ft); 

Sail 

D is diameter of storm sewer (ft); and, 
5 tm ' * * " 



H 



is average depth to pipe invert (ft). 



The costs are based on 1973 price levels. 

The estimated costs and tender prices of the original sewers 
are compared in Table 12 for the main sewer line. The 18 sewers had 
been aggregated to 11 items for tendering purposes. The cost estimating 
equation gives results which are within ten per cent of the tender prices 
for all items, and for the whole sewer network, the results are within ten 
per cent for 41 of 44 items. Using this equation, the total sewer pipe 
cost for the subdivision is $328,700 compared with a tender price of 
$336,200, so that the estimating equation gives good agreement. 
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able 12 










Compar i son 


of Cost Estimates and Tender 


Pr i ces 






for S 


ubdivision Separate Sewer Pipes 






San i tary 


Storm 








""" r ■ . i 
Error in 




Sewer 


Sewer 


Average 


Tender 


Cost 


Cost 


Sewer 


Diameter 


Diameter 


Depth 


Pr i ce 


Est imate 


E s t i ma t e ' 


No. 


(in) 


(in) 


(ft) 


($/ft) 


($/ft) 


{%) 


1 


15 


15 


13.1 


20.58 


21.68 


5-3 


2 


15 


18 


12.5 


22. 15 


22.63 


2.2 


M 


15 


21 


12.4 


22.94 


24.40 


6.4 


5 


15 


27 


15.9 


32.98 


33-06 


0.2 


6 


15 


30 


17-4 


39-38 


37.84 


-3.9 


7,8 


15 


33 17-3 


41.53 


40.71 


-2.0 


9,10,11 


15 


36 15.6 


43.98 


41.73 


-5.1 


12 


15 


42 14.8 


50.87 


48.21 


-5.2 


13 


15 


42 16.4 


50-98 


50.25 


-1.4 


14, 15, 16 


18 


48 20.5 


69.78 


67.83 


-2.8 


17,18 


18 


54 18.6 , 80.30 

L I 1 


74.56 


"7.1 ; 



The cost estimating equation was applied to evaluate the sewer 
costs for some of the storage options in Chapter 5. Because the storm 
sewer flows predicted by the subdivision hydrograph model are greater 
than those using the rational method, the required pipe diameters are 
larger than those in the original design for some storm sewers. As the 
level of local storage is increased, peak stormwater flows are reduced 
and reductions in storm sewer sizes are possible. Table 13 shows the 
required storm sewer diameters in the main sewer line for: 

no storage 

storage option 1(d): no roof runoff 

storage option 6 : no roof runoff and catch basin outflow 

rate = 0.30 cfs 
storage options 7,8: holding reservoir at upstream end of 

sewer no. \k with outflow rate = 50 cfs. 

Reductions in pipe diameters by at least one commercial size 
are achieved when roof runoff is eliminated, with further reductions 
for additional catch basin storage. When a holding storage is incorpor- 
ated above sewer no. 14, the required sizes of sewers no. 14 to 17 are 
reduced. No reduction in subdivision sewer sizes is possible with a 
holding reservoir at the subdivision outfall. 

The sewer slopes were assumed to be unchanged for each storage 
option. As pipe sizes are reduced for a given slope, full-flow velo- 
cities fall. A ten inch pipe for storm sewer no. 1 would have a full- 
flow velocity of 2.2 ft/sec, which is below the adopted minimum value of 
3 ft/sec for storm sewers. This result would occur for several of the 
smaller lateral sewers but since no sewers had full-flow velocities less 
than 2 ft/sec, the original slopes were not changed. In cases where full- 
flow velocities in main sewers are close to 3 ft/sec, reductions in sewer 
sizes by means of storage might require that the slopes of these sewers 
be increased in order to maintain acceptable velocities. Then the cost 
savings with smaller pipes would be offset by higher excavation costs. 

The total sewer pipe cost estimates for each of the storage 
options are shown in Table 14. 
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Table 13 



Storm Sewer Diameters for Various Storage Options 



1 

Storm 

Sewer 

No. 


Storm Sewer Diameters (in) 




No Storage 


Storage Storage 

Opt ion Opt ion 

1(d) 6 
1 


Storage 

Opt Ions 

7,8 


1 


15 


10 10 


15 


2 


18 


12 12 


18 


3 


2k 


18 


15 


2k 


k 


2k 


21 


18 


2k 


5 


30 


2k 


21 


30 


6 


30 


2k 


21 


30 


7 


33 


27 


2k 


33 


8 


33 


27 


2k 


33 


9 


36 


30 


2k 


36 


10 


36 


30 


2k 


36 


11 


39 


30 


27 


39 


12 


k2 


36 


33 


k2 


13 


k8 


3? 


33 


48 


14 


5k 


kl 


39 


k8 


15 


5k 


kS 


39 


kS 


16 


5k 


k& 


39 


k8 


17 


5k 


1*8 


39 


k8 


18 


5k 


kQ 


k2 


5k 



7k 



Table \k 



Separate Sewer Pipe Costs for Various Storage Options 





Separate 


' 




Sewer 






Pipe Cost 


Reduct ion 




($) 


CI) 


No Storage 


3^,000 




Storage option 1 (d) 


300,000 


12.8 


Storage option 6 


272,700 


20.7 


Storage options 7,8 


333,800 


3-0 



Roof ponding alone would provide only a 12.8 per cent saving in 
sewer pipe costs for the subdivision. Similar savings could be expected 
for site storage of roof runoff or catch basin storage. Both roof stor- 
age and catch basin storage would be needed to provide greater savings. 
Although storm sewers no. 1 k to 17 have large diameters and high unit 
costs, their combined length is only a small fraction of the total length 
of storm sewers within the subdivision. Hence a size reduction in these 
sewers has only a small effect on total costs. 



6.1.2 



Manhole and catch basin costs (separate) 



As well as sewer pipes, manholes and catch basins also contribute 
significantly to total costs of sewer systems. The relative costs of the 
three components in the original separate sewer system for the subdivi- 
s ion were: 

Costs ($ ) 

sewer pipes 

manholes 

catch basins 



(I) 



336,200 


63.8 


133,800 


2$Lft 


56,800 


10,8 



Total 



100.0 



526,800 

The combined cost of manholes and catch basins is 36.2 per cent of the 
total cost of the original system and is unaffected by incorporation of 



storage, except where catch basin storage is involved. A cost compari- 
son for rhe different storage options, using total costs of sewer pipes, 
manholes and catch basins, is shown in Table 15- 

Table 15 
Total Separate Sewer System Costs for Various Storage Options 





Total Costs 
($) 


Reduct Ion 


No Storage 


53^,600 





Storage option 1 (d) 


<+90,600 


8.2 


Storage option 6 


A63.300 


I3-A 


Storage options 7,8 


52M00 


1.9 i 



The results indicate that only relatively small savings in sub- 
division sewer costs are achieved by local storage. For a regional study, 
potential cost savings in downstream trunk sewers should also be consider- 
ed. If stormwater flows are diverted to a water pollution control plant, 
possible savings in treatment capacities and reductions in pollution 
loads on receiving waters may be the most important benefits of storage. 

6-1-3 Costs of storage (separate) 

The costs of storage must also be included in a total cost 
comparison. A thorough search of the literature failed to provide in- 
formation on which even a rough estimate of storage costs could be based. 
However, it is possible to make some inferences concerning the economic 
feasibility of local storage by examination of the costs of the other 
system components: sewer pipes, manholes and catch basins. 

Table 16 shows that roof ponding (storage option 1(d)) provides 
a saving of $*t4,000 in subdivision sewer costs. If downstream cost 
savings are ignored, it may be stated that for roof ponding to be worth- 
while, the extra costs involved must be less than $4^,000. Since there 
are 383 houses in the subdivision, the extra cost per house must be less 
than $115. A similar figure would apply for site storage of roof runoff. 



If storage was incorporated at each of the 129 catch basins to provide 
the same total cost reduction, the extra cost per catch basin must be 
less than $3^1. If catch basin storage is provided in addition to roof 
ponding, a further reduction in total sewer costs of $27,300 is achieved 
Then the extra cost per catch basin ;rsust be less than $211. 

Table 16 

Burial Costs and Erection Costs 
vs. Storage Capacity for Holding Reservoirs 



Storage Capacity 
(U.S. gallons) 



100,000 

500,000 

1,000,000 

2,000,000 



Burial Costs 
($/U.S. gallon) 



Erection Costs 



.0^80 
• 0390 
.0310 
.0230 



($) 

13,000 

30,000 

53,000 

110,000 



Some data on costs of holding reservoirs has been presented in 
the literature. The EPA model calculates total reservoir storage costs 
as the sum of capital costs, annual maintenance costs and storm event 
costs, e.g. pumping costs for a pumped outflow and costs of chemicals if 
water quality improvement is desired (16). Capital costs are taken as 
the sum of land costs and construction costs (excavation, lining, cover, 
etc.). Recommended default values are $20,000/acre for land costs and 
$3-00/cu yd for construction costs. The latter figure is appropriate 
only for very large reservoirs with capacities of several million gal- 
lons. For smaller reservoirs, economies of scale may be expected to be 
significant; i.e. unit construction costs decrease as the size of the 
reservoir increases. 

A more detailed breakdown of capital costs of holding 
reservoirs has been presented in a study of the beneficial use of storm- 
water (9). Storage costs were considered to be made up of the following: 



I. Land acquisition costs; 



2. Site preparation costs (clearing and grubbing, 
rough grading, etc.); 

3. Burial costs (excavation and backfill for tanks 
installed below grade); and, 

h. Erection costs (foundations, tank erection, 
painting of metal parts, etc.). 

Burial costs and erection costs vary with storage capacity and typical 
values are listed in Table 16, with costs based on 3 967 _ 68 price levels. 
The erection costs are estimated costs for steel tanks constructed above 
grade. For tanks below grade, 15 per cent should be added to the erec- 
tion costs. 

The costs in Table 16 were used to provide a preliminary esti- 
mate of the costs of holding reservoirs at the subdivision outfall, i.e. 
storage options k and 5 (see Table 9). Burial and erection costs for 
the appropriate storage capacities were estimated by interpolation 
between values listed in Table 16. Land acquisition costs and site 
preparation costs were assumed to be $20,000/acre and $1 5,000/acre, res- 
pectively. For storage option 4 with a constant outflow from the res- 
ervoir, the dimensions of the storage are not constrained. Reservoir 
areas of 5,000 sq ft, 10,000 sq ft and 15,000 sq ft were assumed for 
cases (a), (b) , and (c) , respectively. For the purpose of calculating 
required land area, the storage was assumed to be in the form of a cylin- 
drical tank with a 15-foot border around the tank. The cost estimates 
are summarized in Table 17- 

At the assumed unit cost levels, land acquisition costs and 
site preparation costs are relatively small compared to burial and exca- 
vation costs. It must be emphasized that the estimates merely provide a 
guide to the order of costs for holding reservoirs. The actual costs 
for a given location will depend largely on factors specific to that 
location. For example, land costs may make reservoirs economically un- 
attractive in high land value areas. 
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Table 17 



Cost Estimates for Holding Reservoirs at Subdivision Outfall 



— i 



Storage 

Option 


Reservoir 

Area 
(sq ft) 


Storage 

Vol ume 
(cu ft) 


Costs (thousands of dollars) 


Cost/Unit 
Vo 1 ume 

($/cu ft) 


Land 
Acquis i t ion 


Site 
Preparat ion 


Burial 


Erection 


Total 


4(a) 
Mb) 
Mc) 

5(a) 
5(b) 
5(c) 
5(d) 


5,000 
10,000 
15,000 

10,000 
10,000 
20,000 
20,000 


20,500 

64,600 

140,400 

164,300 

95,200 

191,200 

129,000 


3.3 
5.9 

8.5 

5.9 

5-9 

11.0 

11.0 


2.4 

4.4 
6.4 

4.4 
4.4 
8.3 
8.3 


7.2 
19-0 
32.3 

35.9 
25.4 
39.4 
30.5 


17.6 
33-6 
64.7 

76.3 
45.5 
89.2 
59.2 


30.5 

62.9 

111.9 

122.5 
81 .2 

147.9 
109.0 


1.48 
0.97 
0.80 

0.73 
0.85 
0.77 
0.85 



The unit cost of storage is a maximum of SI.^S/cu f L foi stor- 
age option Ma) and a minimum of S0.73/cu ft for option 5(a). Although 
option 5(c) has a greater storage requirement than option 5(a) > the unit 
cost is slightly higher because of a greater land area. The results indi- 
cate that there are significant economies of scale for storage so that 
the costs of small units such as underground tanks on residential lots 
might be excessive relative to the benefits from peak flow reduction. 

Holding reservoirs within the subdivision would not be economi- 
cally attractive and, in fact, the 100-acre subdivision may be too small 
an area for a reservoir. For low density residential areas with rela- 
tively low imperv iousness , the economically efficient drainage area for 
a reservoir may be of the order of 1,000 acres or more. The general 
problem is to find the optimum locations and si2es of holding reservoirs 
in the sewer network. 

6. 2 Combined System Costs 

The following sections describe the estimation of costs of 
components of an alternative combined sewer system for the subdivision. 
Details of the combined sewers were presented in Chapter k. 

6.2.1 Sewer pipe costs (combined) 

For evaluating costs of combined sewer pipes, an estimating 

equation of the same form as that for separate sewers was developed. In 

the case of a combined sewer, there is only one pipe in a trench and 

only one term is required to represent pipe diameter. For calibration 

of the estimating equation, typical cost data were obtained from a firm 

of consulting engineers (26). The following equation was found to give 

good fit to the data: 

C = 2.8 + 2.0 D ? + .0^5 H ? 
com com 

where: C is unit cost of excavation, pipe supply and pipe 
com 

insta I lat ion ($/f t ) ; 

D is diameter of combined sewer (ft); and, 
com 

H is average depth to pipe invert (ft). 
The costs are based on 1973 price levels. 
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As a check on accuracy, the equation was applied to estimate 
the costs of the original system, but with sanitary sewers and storm 
sewers in separate trenches. The following results were obtained: 

Costs ($) 
sanitary sewer pipes 155,500 
storm sewer pipes 252, 100 
Total ^07,600 

The estimated cost of a separate system with separate trench construction 
is 571,^00 greater (or 21.3 per cent) than the actual cost of the separate 
system with common trench construction. This result accurately reflects 
the cost savings using current techniques of common trench construction. 

The total costs of combined sewer pipes for the subdivision 
were evaluated for no storage and for storage options 1(d) and 6, and 
the results are summarized in Table 18. 

Table 18 
Combined Sewer Pipe Costs for Various Storage Options 





Combined 
Sewer Pipe 
Cost ($) 


Reduction 
ft] 


No Storage 

Storage Opt ion 1 (d) 
Storage Option 6 


331,500 

29^,500 
277,200 


11.2 
16. ^ 



The estimated cost of combined sewer pipes for the case of no 
storage is $12,500 less (or 3-6 per cent) than the estimated cost of 
separate sewer pipes. The per cent cost savings resulting from storage 
are slightly less than the corresponding savings with separate sewers. 






6.2.2 



Manhole and catch basin costs (combined) 



The costs of catch basins in a combined sewer system are the 
same as the costs in a separate system. Because only one structure is 
required at each manhole location, the costs of manholes will be some- 
what less than the costs in a separate system. But since combined sewers 
are deeper than separate sewers, the depths of manholes are increased 
and some of the cost savings are offset. The cost of manholes in the 
combined system is assumed to be 25 per cent less than that in the 
separate system. Estimated component costs in the combined sewer system 
for the case of no storage are as follows: 

Costs ($) (%) 

sewer pipes 331,500 67-9 

manholes 100,300 20.5 

catch basins 56,800 11.6 



Total 



488,600 



100.0 



The effect of storage on total combined sewer costs is shown in 
Table 19. The estimated total cost without storage is $46,000 less (or 
8.6 per cent) than the estimated cost of a separate system. As for the 
separate system, the cost savings in subdivision sewers resulting from 
storage are relatively small. 

Table 19 
Total Combined Sewer System Costs for Various Storage Options 





Total Cost Reduction 
{$) {%) 


■ 

No Storage 

Storage Option ! (d) 

Storage Option 6 
L 


488,600 

451,600 7.6 
434,300 11.2 
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It should be noted that possible downstream costs associated 
with the combined sewers have not been considered. The combined sewer 
depth at the subdivision outfall is about six feet greater than the separate 
sewer depth. If it is intended that the flows from the subdivision enter 
an existing trunk sewer, the feasibility of combined sewers may depend on 
the invert level of the trunk sewer. If the combined sewer lies below 
the trunk sewer, pumping will be required and the potential cost advan- 
tages of combined sewers wilt almost certainly be lost. 

6.2.3 Costs of storage (combined) 

The costs of storage for a combined sewer system would be 
similar to those for a separate system and the same comments apply. In 
the case of combined sewers, downstream benefits may be most important. 
Combined sewer overflows are a major source of pollution of receiving 
waters. Incorporation of storage in new residential subdivisions would 
reduce peak flows from these areas during storms and would enable a 
greater proportion of the combined sewer flows to be treated. Hence, 
detrimental impacts on receiving waters would be lessened. 



7. COMPARISON OF STORAGE METHODS 
7. 1 Technical Feasibility 

In Chapter 5, it was shown that for a two-year design storm, 
provision of roof ponding in the residential area would reduce peak storm 
sewer flows from the subdivision by 31-5 per cent. If additional roof 
ponding were provided in the industrial areas, peak flows would be re- 
duced by 37-9 per cent. Similar reductions would be achieved by site 
storage of roof runoff with outflow rate limited to 0.01 cfs, and by catch 
basin storage with outflow rate limited to 0.10 cfs. The storage require- 
ments would be 158 cu ft for site storage and up to 1,500 cu ft for catch 
basins. Outflow from a holding reservoir at the subdivision outfall could 
be made as small as desired, but with corresponding increases in storage 
requirements. Similar flow reductions could be expected for a combined 
sewer system as for the existing separate sewer system. 

This research has been concerned primarily with evaluation of 
the storage methods from the viewpoint of peak flow reductions. The 
above results indicate that local storage would almost certainly be 
worthwhile from this viewpoint. But the practicability of storage will 
depend also on construction and operational feasibility and cost. 

7.1-1 Roof ponding 

Roof ponding would require the use of flat roof construction, 
which would be a departure from the normal practice of gabled roof con- 
struction for low-rise residential buildings. There should be few 
structural problems with flat roofs. The maximum depth of ponding would 
be limited by the design load, usually based on live load or snow load. 
It may be possible to store all the rainfall from a two-year storm but 
not, for example, from a 100-year storm. Overflow from roof storage would 
have to be controlled so that it would enter the drainage system without 
causing damage. 

It would be necessary to ensure the availability of roof 
storage at the beginning of a storm. In general, it might not be pos- 
sible to rely on evaporation to remove ponded water and some means of 
removal after each storm would be required. Roof drainage design could 
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provide for gradual depletion of ponded water. Since the storage will 
generally be located on privately-owned buildings, the question of res- 
ponsibility for continuous operating effectiveness will need to be con- 
s idered. 

7-1-2 Site storage of roof runoff 

A site storage facility such as an underground tank could con- 
trol the rate at which roof runoff enters the sewer. Since storm or 
combined sewers are generally more than ten feet below ground level, 
there is sufficient depth for a tank within a gravity drainage system. 
Orifices or weirs for controlling flow rates would have to be protected 
against clogging by means of grates, for example. Accessibility to the 
storage tank for periodic cleaning would be an important consideration. 

7-1-3 Catch basin storage 

For effective peak flow reduction, storage requirements at 
catch basins with high inflows would be considerably greater than the 
volumes provided in standard-sized catch basins. Although the storage 
requirements are different for each of the catch basins, some economy 
might be achieved by incorporating three or four different-sized catch 
basins in the subdivision. 

The three storage methods considered above will modify the 
quality characteristics of stormwater flows into sewers. Temporary de- 
tention of water will cause deposition of sediment and transport of some 
pollutants will be reduced. Where no downstream treatment is provided, 
e.g. for storm sewer flows or combined sewer overflows, source control 
of pollutants may be a major benefit of storage. However, the costs 
associated with source control, e.g. costs of catch basin cleaning, must 
also be considered. 

7- 1 . S Holding reservoirs 

The technical feasibility of holding reservoirs as a means of 
peak flow reduction has been well established. The form of the reservoir 
might be a constructed facility, such as an underground tank, or, if the 
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terrain is suitable, a natural retention basin. Because of water quality 
problems, a natural basin would not be feasible for a combined sewer 
system. 

The performance of the sewer system incorporating storage 
should be assessed for more intense storms than the design storm, e.g. 
the 100-year storm. 8oth the sewers and the storages will be surcharged 
and the system should be designed to minimize undesirable flooding. 

7- 2 Economic Attractiveness 

In Chapter 6, the cost of a combined sewer system for the sub- 
division was estimated to be $^88,600 compared with $53^,600 for a 
separate system, i.e. a reduction of 8,6 per cent. Possible downstream 
costs resulting from the extra depths of combined sewers were not con- 
5 i dered . 

The combined sewer design was based on the same two-year storm 
as the separate storm sewer design. But because of the raw sewage 
content, surcharge would be less acceptable for combined sewers than for 
storm sewers. In practice, combined sewers should be sized to accommodate 
a more intense storm, e.g. a five-year storm. Under these circumstances, 
combined sewer costs would be greater than the above estimate. 

Roof ponding was estimated to provide a saving of $^,000 for 
the separate sewer system. Ignoring possible downstream benefits, the 
extra cost of flat roof construction would need to be less than S115 per 
roof for ponding to be economical. A similar unit cost would apply for 
site storage of roof runoff. For catch basin storage, the extra cost 
per catch basin must be less than $3^1 . The unit costs of stormwater 
holding reservoir storage in the form of underground steel tanks were 
estimated to decrease from $1.48/cu ft for a 20,500 cu ft reservoir to 
$0.73/cu ft for a 16^,300 cu ft reservoir. 

Since the cost savings with combined sewers are quite small, 
it would appear that their use in new residential subdivisions is not 
justified. The problems of adequate movement of dry weather f iows would 
outweigh the cost savings. Furthermore, it may prove more economical to 
effect quality improvement of stormwater by means of upstream storage 
than by transport of combined sanitary and stormwater flows to downstream 
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treatment works. However, these conclusions follow from the study of a 
single subdivision and may not be generally applicable. 

The lack of cost data makes a direct cost comparison of the 
different storage methods difficult. The initial cost of a flat roof may 
be less than that of a gabled roof. High unit costs for small storage 
installations may make underground site storage of roof runoff and catch 
basin storage uneconomical. 

If constructed facilities are not provided, other methods of 
runoff control might be possible. Instead of underground storage, part 
of the roof runoff might be diverted on to lawns. A recent survey of 
Canadian storm sewer design practice found that roof drainage onto 
property was allowed by 21 of 37 municipalities surveyed (27). Instead 
of catch basin storage, runoff might be temporarily ponded on streets 
by restricting capacities of catch basin inlets. These methods would 
eliminate storage construction costs but inconvenience would result 
during heavy storms. 

Holding reservoirs appear to be the most practical method of 
storage of stormwater. Land acquisition costs may be a limiting factor 
in high land value areas. For new residential subdivisions, the required 
land would need to be reserved at an early stage of development. Mine 
storage ponds have been incorporated in residential subdivisions in 
Wi nni peg (27) . 

The major benefits of a holding reservoir, in terms of reduced 
trunk sewer sizes and lower pollution loads on receiving waters, accrue 
downstream from the reservoir. Since this study examined only a small 
subdivision, estimation of these benefits was not possible. An indica- 
tion of the possible savings in sewer costs is provided by a 1500 acre 
development in Earth City, Missouri (II). A drainage system incorporating 
stormwater storage in the form of lakes was estimated to cost two million 
dollars, exclusive of land costs, whereas a system without storage would 
have cost five million dollars. 



7- 3 Future Work 

The results of this research indicate that local storage in 
new residential subdivisions may be effective. However, operational reli- 
ability needs to be established. Field testing of different local 
storage methods should be carried out. Incorporation of storage facil- 
ities in a small test area of a subdivision and subsequent performance 
monitoring would not require a large commitment of resources and should 
enable some firm conclusions to be drawn. 

Present industrial and commercial developments have relatively 
high imperviousness. A single roof may cover an area of several thousand 
square feet and large paved parking lots are common. Because of high 
runoff rates, local storage may be quite effective in industrial areas 
and the possibilities for implementation of storage in these areas should 
be investigated. 

If present urbanization patterns continue, the provision of 
facilities for wastewater collection, transport and treatment, and their 
integration with existing facilities will pose major problems. Future 
work should be oriented towards systems studies for large areas to deter- 
mine the most effective means of stormwater management on a regional 
basi s. 

A high priority should be given to implementation of storage 
methods such as holding reservoirs, for which engineering design practices 
are well established. By requiring developers to limit runoff rates and 
to maintain the quality of runoff from new subdivisions, the use of storm- 
water storage would be encouraged and the operating effectiveness of stor- 
age could be evaluated on a continuing basis. 
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APPENDIX I 
ABBREVIATIONS 



APPENDIX I 



ABBREVIATIONS 

cu ft cubic feet 

cu yd cubic yards 

cfs cubic feet per second 

ft feet 

ft/sec feet per second 

in inches 

in/hr inches per hour 

min minutes 

sec seconds 

sq ft square feet 



APPENDIX I I 
PROGRAM LISTING FOR SUBDIVISION HYDROGRAPH MODEL 



C SUBDIVISION HYDROGRAPH MODEL 

A PROGRAM FUR CALCULATING KyMGFF FROM RAINFALL AND TLOWS IN 
C EITHER SI IftH OR CrjMfllNLf) &SMERS IN RE S I Dfc 'IT I AL SUBDIVISIONS 

C A 5TtPWIS!. : PROCEDURE IS USED IT, WHICH RUNOFF AND SEWER FLOWS 

: ARE CALCULATED FOR SUCCESSIVE TIME INTERVALS 

C 

DI MENS ION TYPE (5), St 5) ,RUF(5 ) , DD ( 5 ) , TL ( 5 ) , COW 5) 

DIMENSION NUMUM 12 9) ,WkOAD( 129) , WDRI V(129) , ARLOT ( I 29 ) , DGUT ( 1 29 I , 
1 SCUT I 129 I, IRU29),QLUTS< 12 9, 16 1) ,OGOUT( 129 , 1 61 ) , q( 5 , 16 I I , TLUT ( 1 29 ) 

DIMENSION NU V SL(56) , NU MUPM ( 56 t , NUMDOM< 56 ) , SLWL (56) ,SEWV( 56 I , 
1NR I (56 ) , QSAN (5 6) ,N ROOFS (56 ) , NCHS (56) ,NUMCS ( 5,5 6) ,DCS<5 ,56) , 
2QUPM( 56, 16 1 ) ,<JRUOF(56, 15 11 ,QDQM( 56 , 1 61 ) , ROOF ( 5 6 ) , QSE W< 55,161 ) 

DIMENSION PAIN (161 ) ,RIflFU61 >,TCL< 161) ,TIME< 16 1) , FLOW! 161) , 
1TIMFLSI56) ,MHCK),QMb(4) ,TMEKI ,USINRF( 161 ) ,LOC{ 10) ,QSTU< 10) 
C 

C READ IN DATA 

C TIMES: STORM DURN.TIME TO PEAK, TIME I NTERVA L , ROOF-SEWER LAG 

c rainfall: coeffts fur ave- intensity-duration formula 

C INFILTRATION: MAX RATE.MIN RATE, DECAY RATE 

C SUBCATCHMLNTS: TYPE , SLOPE .ROUGHNF. SS , DE PRE SS ION DEPTH, LENGTH 

C GUTTERS: ROUGHNESS, S IDE SLOPE 

C ROOFS: ROOF AREA/LOT 

C CATCH BASINS: ROAD AND DRIVEWAY W IDTHS, PtRV IOUS AREA SIZE AND 

C LENGTH, GUTTER LENGTH AND SLOPE 

C SEWERS: UPSTREAM AND OUWNSTRfcAM MANHOLE S , LENGTH, FULL-FLOW VEL, 

C NO OF ROOFS, PfeAK SANITARY FLOW 

C CATCH BASIN-SEWER CONNECTIVITY 

C EXTERNAL FLOWS: MANHOLE .PEAK EXT FLOW, TIME TO PEAK 

C ANTECEDENT CONDITIONS: INFI LTRATI ON, PONDING 

READ (5,100) TIM.TBP, TINT, TRLAG 
10L FORMAT (4-F10.0) 

WRITE (6,110) TIM, TBP, TINT, TRLAG 
110 FORMAT ( 7X, 'TIM' ,7X, «TBP' ,6X, 'TINT', 5X, 'TRLAG' ,/,4-FlO. 2) 
READ (5,100) A,B,C 
WRITE (6,115) A,B,C 
115 FORMAT (9X,« A' ,9X, 'B',9X,'C ,/ ,F 10.0 , F 10 . 1 ,F 10 .0 ) 
READ (5,100) FOIN,FCIN,DRIN 
WRITE (6,120) FUIN,FCIN,DRIN 
12C FORMAT ( 6X , • FO Iff , 6X , ' FC IN ■ , 6X , ■ DR IN' , / , 3F10 .2 ) 

WRITE 16,125) 
125 FORMAT <6X, 'TYPE*,9X,« S* ,7X, 'RUF' ,8X, 'DD' ,8X,*TL» ) 
DO 130 1=1,5 

READ (5,135) T YPE( I ) , S ( I ) , RUF( I ) , DD( I ) , TL ( I ) 
135 FORMAT <A5,4F1').0) 

WRITE (6, 140) TYPE( I ), S( I) ,RUF( I I , DD ( I) , TL ( I ) 
HO FORMAT ( 5X,A5, 3F10.<V ,F 10. 1 ) 
130 CONTINUE 

READ (5,100) RUFG,SSG 
JRITE (6,150) RUFG.SSG 
15L FORMAT (6X,« RUFG',7X, 'SSG» ,/,2F10.4) 
READ (5,100) URFA 
WRITE (6,155) URFA 
155 FORMAT ( UX, 'URFA' ,/,5X,F10.0) 

READ (5,170) NCB,NSL 
170 FOFMAT (21 5) 

WRITE (6,200) NC3.NSL 
200 FORMAT ( 2X , < NC6 ' , 2X, 'NSL ■ , / , 21 5 ) 

WRITE (6,210) 
210 FORMAT (5X,- ritJ'CB' , 3X, ' I R ' , 5X, « WRO AD » , 5X , « WDRI V • , 5X, ' ARL OT • , 6X , 
1«TL0T',6X,'DGUT , ,6X, * SGUT' ) 



c 
c 



IF (NCO.f -3.0) GO TO 24 5 
DO 2 20 J = l ,»CS 

RE An 15,230 1 NU'ICQI J ) , I R ( J ) »WROADt J1 . WOR I V ( J ) , ARIOT I J} ,TLOTl J) , 
10GUTIJ I ,SGUT (J ) 
230 FORMAT <215,6F8.0) 

W'MTE (6,2'i J ) NUMC H< J ) , IP. ( J ) ,WRG AD ( J ) , WOM V ( J ) , ARLOT ( J > , TLOTt J) , 
1DGUT( J) rSGUTf J ) 
240 FORMAT ( 5X,2I5,5Flu.O,F10.4) 
22 CONTINUE 
24 5 ■■(RITE (6,250) 

2 St, FQA&WT [ 1 }%, «NUMSL ' , 4X, 'NU'lUP - i* »4X»* MyMOGM" , 6X, ' S£»4 ' ,6X , '$£«¥' , ',X 
1, 'NKXOFS' r7X»*«RP , 6X, '-JSAN' J 
BQ 260 L =1 ,NSL 

KlAD (5,270) IJUMSL (L ) iNUMUPMiX) ,NUM0OMtl ) , 5 EWL ( L) , SE WV{ L) , 
lJ^COFSlL ) ,NiUU> ,')3AN(L) 
270 FORMAT l3I5»2PlQ.O»2I5rF10»9l 

WP 1TF 16,290) NUMSLI L) «*4UHUI»M| L) , NUMDOM(L) , SEWl { 11 , S£WVM) , 
1 WOOFS (tl , MR IIL1 , OSAfJ(L) 
giC FjRMAT (5X,3UO,FlO.u,F10.2, 21 1U.F1C.3) 
260 CONTINUE 

WRITE (6,200) 
2X RDKHATt \U%4 % NUMSL' ,A X , ' NU'IC S 1 ' , 6 X, « DC S 1 ' ,'► X , « NU^CS2 ' ,6X, 'DCS2' , 

HX« 'NUMCS3 ' , 5X,' DC S3* ,4X, ' NUMCS'i • , 68, »0CS4 ' ,4X, 'NUMCS5' ,6X, 'UCS5< ) 
00 300 L---1.NSL 

READ (5.31C) NCBS(L) ,(NUMCS(M,L) ,DCS(M,L> f M=l,5) 
310 FORMAT (5X, 15,5( I5.F6.0) I 
NM=NCBS(L) 

IF (NM.EQ.O) GO TO 321 
WRITE (6,320) NUMSL(L), < NUMCSt M , L ) ,OCS ( M ,L ) , M=l , NM ) 

320 FORMAT ( 5X,I 10, 5( I 10.F10.0) } 
GO TO 300 

321 WRITE (6,320) NUMSL(L) 
3A CONTINUE 

RcAD (5,170) NEF 

WRITE (6,330) NEF 
33C FORMAT ( 7X , ' NEF* , / , I 10 ) 

IF (NtF.CO.O ) GO TO 339 

WRITE (6,332) 
332 FORMAT < 7X , ' MHE ' , 7X, 'OME • , 7X , ■ TME • ) 

DO 3 34 NE=1,ML : F 

3EAD (5, 536) MHE1NE I ,OMF(NE) ,TME(NE) 
336 FORHAf ( I5,2F10.O) 

WRITE (h,3?!) MHEINE ),OME(NE >,TME(NE) 
33i3 FORMAT (5X, I5.2F1L .2 ) 
334 CONTINUE 
3io KEAO 15*100) TANT,orPI'3,DEPP£ 

WRITE (6,331) TANV,i^i>IM,UEPPE 
331 FORMAT (6X, < TANT' , 5X , ■ DE P I M * , 5X , 'OEPPE' , / , F 1 J. 2 , 2F 10. 4 ) 

CALCULATE RAIN INTENSITY" TIKE PATTERN FOR DESIGN STORM 
NINT=T lM/fINT 
DO 39r IT=1,NINT 
TCLI IT)=TINT-(FLOAT(IT)-0.5) 
IF ITCH IT ) .GT.TI3P) GO TO 3<U 

KAINUT t=A* ( (1 ,0-R)-( A./3.-( f&!P-T.CU ITU )**B+C )/ 
1 ( (8./3.*(Tlll'-TCL( IT ) ) )**:H-C 1**2.0 

GO TO 390 
391 KAINf IT >=£*( ( 1 .0-(U'MH./5.*(TCL( IT1-T8P) l*»B*C »/ 

1 ( ( J./5.*(TC L( IT )-TSlP) )**B*C 1**2.0 

3')0 CONTINUE 
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WRITE (6,392 1 TINT 
392 FORMAT I/, 10X, -RAINFALL! IN/HR) AT%F5.2,' MIN INTERVALS'! 

WPITE (6,394) (RAIN< IT) ,IT = 1,N1NT) 
394 FORMAT < I 5 < / , 1 5X , 1 2F 3. 3) ) 

C 

C STEPWISE PROCEDURE FOR RUNOFF FROM ROADS , OR I VEWAYS 

DO 399 1=1,5 

399 COM I >=1.486/RUFU )*S(I )**0.5 
DO 400 1=1,4 

DEP1=DEPIM 
DO 410 IT=1,NINT 
DEL0EP=RAIN( IT J/720. *T INT 
OtP2=DEPH-DELDEP/2.0 
IF (OfcP2.LE\.3DU )) GO TO 420 
Q< 1,ITJ=C0N( I)*(DEP2-D0( I J 1**1.6667 
GO TO 422 
420 Q< I,IT) = 0.0 

42 2 DEP1 = DEP1*-DELDEP-0(I,IT)*60.0*TINT/TL(I) 

IF (DEPl.LT.O.O) DEP1=0.0 
4L0 CONTINUE 

400 CONTINUE 
C 

C CALCULATE INFILTRATION RATE VS TIME 

00 430 IT=1,NINT 

X=TCL< ITJ+TANT 

RINFI IT)=FCI.N*-(FOIN-FCIN)/EXP(X*DRINI 
430 CONTINUE 
C 
C ITERATION THROUGH PROGRAM FOR EACH STORAGE DATA SET 

READ (5,170) NDSETS 

WRITE (6,630) NDSCTS 
630 FORMAT [ / , 4X , • NDSETS • , / , 1 1 I 

DO 64C NDS=1, NDSETS 
C 
C CALCULATE HYDROGRAPHS FOR EXTERNAL FLOW INPUTS 

00 340 L=1,NSL 

DO 350 IT=1,NINT 
350 QUPM(L,IT)=0.0 

IF (NEF.EQ.O ) GO TO 340 

DO 360 NE=1,NEF 

NtNTS=TME(NE)/TINT 

IF (NUMUPMtL ).N£.MHE(NE) ) GO TO 360 

DO 370 IT=1,NINTS 
37 0UPM1L, IT)=FL0AT(IT)/FLOAT(NINTS)*0ME(NE) 

NINT5A=NINTS+1 

00 3e0 IT=NINTSA,NINT 

QUPM(L.IT) =( 1.0-3.0/5.0*FLOAT( IT-N INTS I /FLOATl NI NTS) )+QME(NE) 

IF (0UPM(L, ITI.LT.O.O) QUPMt L , I T >=0. 
3eO CONTINUE 



c 



360 CONTINUE 
340 CONTINUE 

STEPWISE PROCEDURE FOR RUNOFF FROM PERVIOUS AREAS 
DO <,60 J = l ,NCB 
D6P1=DEPPE 
DO 470 IT^1,NINT 
RNFT=RAIN( IT J-RINF(IT) 
DELDtP=RNET/720.*TINT 
DtP2 = DtPl«-0cLDtP/2.0 
IF (DEP2.LE. 00(5)1 GO TO 480 



QLOTS< J,1T)=C0N(5)*<DEP2-DD(5))**1.6667*<0GUT< J)-WDRIV(J)) 

GO TO 475 
480 QLOTS( J,IT»=0.0 
47 5 OEPl=DfcPl+DELDEP-QLOTS( J , 1 T) +60. *TINT/ARLOT ( J) 

IF (DLP1.LT.0.0) DEP1=0.0 
470 CONTINUE 
<>6G CONTINUE 



C 



: STEPWISE PROCEDURE FOR GUTTER OUTFLOW HYORQGRAPH 

CG 1 = 1. «• SORT U.u+1.0/SSG»* 2.0) 

00 500 J=1,NCS 

CGUT=1.486/RUFG*SGUT(J)**0.5 

VOLl=C.O 

00 510 IT=1,NINT 

IF (IfM JI.EQ.l ) GO TO 512 

QROAD=Q( 1, IT )*WROAD( J I 

QOPIV=Q( 3, IT)*W0RIV( J> 

GO TO 515 
512 QK0A0=Q<2, IT )*WROAD<J> 

QDRIV=Q(4, IT)fWDRlV( J> 
515 QGI 1 N=OROAO«-JDRIV*OLOTS( J, IT) 

0ELV0L=QGIN*60.*TINT 

VCL2 = VOLl«-DELVQL/2.0 

IF (V0L2.LE.0.0) GO TO 520 

GAREA=V0L2/DGUT< J) 

G0fcPTH=SQRT(GAREA*2.0*SSG) 

GHYDR=GAREA/ GOEPTM/CGl 

QGOUT ( J , I T ) =CGUT*GHYDR**0.6667*GAREA 

GO TO 525 
520 QGOUT(J,m=0.0 
52 5 V0Ll=VOLl^Dfc'LVOL-QGOUT( J,IT)*60.*TINT 

IF (VGL1.LT.0.0) V0L1=0.0 
510 CONTINUE 
5C0 CONTINUE 
C 
C CALCULATE ROOF RUNOFF HYDROGRAPH FOR SINGLE ROOF, SEWER 

DO 6CC IT=1,NINT 

QSINPFf IT)=RAIN< IT l*URFA/43200. 

00 610 L=1,*SL 
61 1. QROOFtL, IT) = QSINRF { IT I *NROOFS( L> 
600 CONTINUE 
C 

C READ IN STORAGE OPTIONS AND LEVELS 

C NO STORAGE 1 ROOF PONDING 2 SITE STORAGE 

C 3 CATCH BASIN STORAGE 4 HOLDING RESERVOIR 

READ (5,170) ISTORE 

WRITE<6,341I ISTORE 
341 FORMAT f 1H1, 3X,MST0RE' ,/»H0) 

IF ( ISTCRE.E3.0) GO TO 342 

IF (ISTORE. dQ.l) GO TO 343 

IF < ISTORE. EQ. 4) GO TO 344 

READ (5,100) QSTOUT 

WPITE (6,346) OSTOUT 
346 FORMAT ( 4X , • QSTOUT • , /, F 10. 3 ) 

GO TO 3<,2 
3<f3 READ (5,100) DSTOR 

WRITE (6,345) DSTOR 
34 5 FORMAT ( 5X , ■ DSTOR ' , / , F10.4 ) 

GO TO 3<,2 
3<»4 RCAU ( 5, 170) NSTOP.L 
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WRITE (6,3*7) NSTORL 
3*7 FORMAT ( *X ,' NSTORL ',/, 110 ) 

WRITE (6,3*8) 
3*e FORMAT <7X, • LOG' ,6X, '«STO» ) 
DO 3*9 NST = 1 .NSTURL 
READ (5,3361 LOC ( NST ) , QSTQf N5T ) 
WRITE (6,33d) LOC(NST) ,QSTG(NST) 
3*9 CONTINUE 

342 IF ( IST0RE.EQ.O.OR.ISTORE.EQ.4) GO TO 690 
C 
C ROUTE FLOWS THROUGH APPROPRIATE STORAGE 

CALL STOPAGI ISTORE,DSTOR,QSTOUT,QSTO,NINT,T1NT,LOC, 
lRAlN,0SINRF,QRG0F,NCB T NUHCB,QG0UT,QUPH,NROOFS,NSL t NST,LMARKI 
C 

C ROUTE FLOWS THROUGH SEWER NETWORK 

690 WRITE (6,695) 
695 FORMAT {//, 5X, 'NUMSL •, 5X ,< SEWER FLOW',/) 

DO 700 L=l,NSL 

00 7LC IT=1,NINT 
700 QDOM(L,IT)=0.0 





DO 710 L=1,NSL 




N1=NCBS(L) 




N2=N1+1 




N3=N2+1 




DO 720 M=l,N3 




IF (M.EQ.N2) GO TO 730 




IF (M.EQ.N3) GO TO 740 


c 




c 


ROUTE CATCH BASIN F 



FLOWS TO DOWNSTREAM END OF SEWER 

NC=NUMCS(M,L) 

TIMFLO=DCS(M,L)/SEWVU 1/60. 

DO 7*5 J=L,NC8 

IF (NUMCB< J).NE.NC ) GO TO 7*5 

JSUB=J 

GO TO 7*8 
7*5 CONTINUE 
7*8 00 750 IT=1,NINT 

TIME( I T(=TCL(IT)+TIMFLO 
750 FLOW! IT)=3G0UT(JSUB,ITJ 

GO TO 760 
C 

C ROUTE ROOF RUNOFF TO DOWNSTREAM END OF SEWER 

730 TIMFLS ( L ) =SEWL( L ) /SEWVt L J /60. 

IF (NROOFS(L I.EO.O) GO TO 720 

NMARK=0 

TMARKB=-<TRLAG+TINT/2.0) 

IMARKB=0 

00 77C IT=1,NINT 

IF (NMARK.ey.il GO TO 780 

TMARKB=TMARKB*TINT 

IMAPKB=IMARKB+l 

IF (TMARK3.GT.0.O) GO TO 790 

QDEL=C.O 

GO TO 800 
790 NMARK=1 

NLEN=(TIMFLS(L)-TMARKB)/TINT 

TMARKE=TIMFLS( D-T MARK B-NL EN*T INT 
780 I0ASH=IT-IMARK3+1 

gDEL = TMARKB/TIMFLS(L )*0ROOF(L, I DASH) 

IF (NLEN.dU.O) GO TO 810 
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BQ 8?0 NL=1,NLEN 
IF (IDASH-NL.EQ.O) GO TO 800 
£2 JT[L = QDf L*-TlNT/TIMFLS<L)*QRCOF(L,IDASH-ND 
810 ir>4SHl=IDAS'l-NLEN-l 

IF ( IDASHl.c'J.O) GO TO 800 

QJ)hL=QDtLt-TMARKL/TIMFLS(LI*QR30F (L.IDASHl) 
800 'JCH;M(L , IT)=3D0M(L, IT)tQDEL 
770 CONTINUE 
GO TO 720 
C 

C ROUTE UPSTREAM FLOWS TO DOWNSTREAM END OF SEWER 

7^1 IF (lST0fcc.M=.4J GO TO 825 
00 826 NST = 1 t fJSTORL 

IF (NUMUPMd J.Nfc.LOC(NST) ) GO TO R26 
WRITE (6,930) NUMSL I L) , ( QUPM( L , I T ] , IT=1 , NI NT ) 
LMARK^L 
C 

C RCUTE StUER FLOWS THROUGH HOLDING RESERVOIR STORAGE 

CALL STOPAGI I S TORE , OSTOR , QSTOUT, QSTO, NINT, TI NT , LOC , 
l ; -.AIN,gSINRF,QRQ0F t MC(3 1 NUMCB,QG0UT,QUPM F NR00FS,NSL,NST l LMARK) 
GO TO 82 5 
926 CONTINUE 
825 DO 93G IT = 1,NINT 

T1*E( IT)=IT*TINTVriMFLS(L) 
830 FLGWl 1T)=QUPM( L,IT) 
C 

C DETERMINE HYOROGRAPH COORDS AT DOWNSTREAM END OF SEWER 

760 IT=1 

00 9GL I Ti = 1 ,NINT 
TCL1=IT1*TINT 

IF (TCLl.LT.TIMEllU GO TO 910 
0IFFT=TCLL-TIM£< IT) 

IF (IT. EQ. NINT) FL0W(IT+1)=FL0W( IT) 
ODEL=FLOW( IT)+DIFFT/TINT*(FL0WIIT+1)-FL0W( IT I) 
IT=IT+1 
GO TO 920 
91C QDEL=0.0 

92 UDU.'U L,IT1)=QD0M(L,IT1)+QDEL 
900 CONTINUE 
720 CONTINUE 
C 

C SUM STOR^WATER FLOWS AND SANITARY FLOWS (IF ANY) 

DO 925 IT=1,NINT 
92 5 OSEWI L,IT)='}DOM( L, IT )*QSAN(L I 

WRITE (6,930) MUMSL(L) , <QSEW(L,IT) ,IT=1 ,NINT) 
93C FORMAT (/,5X,I5,5X,12F8.3, 151/, IjX, 12F8.3) ) 
C 

C DOWNSTREAM FLOWS BtCOME UPSTREAM INFLOWS FOR NEXT SEWER 

D3 10 20 Ll=l,NSL 

IF (NUMUPM(L I) .NG.NUMDOM(L ) ) GO TO 1020 
DO 1030 IT=1,NINT 
103 OUPM( Li, IT)=OUPM(Lli IT ) +QDOM( L , 1 T ) 

GO TO 710 
1j20 CONTINUE 
710 CONTINUE 
6^0 CONTINUE 
RETURN 
END 



SUBROUTINE STURAG(ISTORE t nSTOR,'3STOUT f QSTD t NlNT.T[NT,LOC. 
IRAlN,OSINRF ( gk.JOF,NCB,NUMCB,QGOUT t OUP ; i,Nfta6FS,NSl.,Nsf,LMARK) 

c 

C STORAGE ROUTING SUBMODEL 

C A SUBPROGRAM FOR ROUTING FLOWS THROUGH STORAGE 

DIMENSION QSTO{10),RAINU6l) t QSINRF(l61) ( QROOF(56,16H,LOC(10), 

INUMCK(129),QGUUT(129,161),JUPM(56,161),NR00FSI56),QA(161), 
2Q0UTU61) ' 

C 

IF (ISTORE.EQ.2) GO TO 200 

IF ( ISTGRE.fi. 3» GO TO 300 

IF ( ISTOKt.tQ.'t) GO TO 400 
C 
C ROOF PONDING 

SUM«=0.0 

DO 110 IT=1,NINT 

SUMR = SUMR*RA INI IT \*J INT/60. 

IF (SUMR.GT.DSTOR) GO TO 130 

OSINRFI IT)=0.0 

DO 120 L=l ,NSL 
120 QROOF(L,IT)=0.0 

GO TO 110 
130 T0VER=(IT-1)*TINT 

WRITE (6,140) TOVER 
14L FORMAT (//, lOX.'ROOF OVERFLOWS AFTER* , F8 .2 , ■ MINS'.//) 

GO TO 150 
110 CONTINUE 
ISO RETURN 

c 

C SITE STORAGE OF ROOF RUNOFF 

2C0 WRITE (6,210) 
210 FORMAT (// ,5X ,« ROOFS *, 5X ,' VOLST ',/ ) 

DO 220 IT=l,NINT 
22C QA(IT1=QSINRF( IT) 

OB=QSTOUT 

GO TO 500 
230 00 240 IT=1,NINT 

QSINRF(IT)=QQUT( IT) 

00 250 L-UNSL 
2 50 QRO0FIL,m=QSINRF(IT)*NRQ0FS(L) 
240 CONTINUE 

WRITE (6,260) VOLST 
260 FORMAT (10X.F10.2) 

RETURN 
C 

C CATCH BASIN STORAGE 

300 WRITE (6,310) 
11$ FORMAT <//,5X, 'NUMCB',5X, 'VOLST',/) 

J = 
320 J=JH 

IF (J.GT.NC8) GO TO 360 

DO 330 IT=1,NINT 
330 QAt IT)=QGOUT(J,IT) 

QB=QSTOUT 

GO TO 500 
340 DO 345 IT=l,NINT 
34 5 QGCUT( J, IT) =QOUT( IT) 

WRITE (6,350) NUMCBI J) , VOLST 
350 FORMAT ( 5X , I 5, F10. 2 ) 
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go TO 320 
360 RETURN 
C 

C HOLDING RESERVOIR STORAGE (LINEAR OUTFLOW) 
400 WRITE (6,410) 
*IC FORMAT <//,7X, 'L0C*,5X,'V0LST') 

00 420 IT=1,NINT 
420 OA(IT)=QUPM( LMARK,IT) 

QB=QSTOINST) 

GO TO 500 



430 


DO 44L IT=1, NINT 


4^0 


OJPM(LMARK,IT)=')OUT(IT) 




WRITL (6,350) LGC< NST > , VOL ST 


C 

c 


RETURN 


ROUTE FLOWS AND CALCULATE STORAGE REOUI 


50C 


VOLST=0.0 




VOLLF=0.0 




IRISE=0 




DO 51C IT=1,NINT 




IF (OMIT). LT.Q3. AND. IRISE.EQ.O) GO TO 515 




IF (OA(IT).LT.QI.AND.lRISE.EQ.l) GO TO 520 




IRISE=1 




VOLST=VOLST+(QA( 1TJ-QQ) 




GO TO 530 


520 


VOLLF=VOLLF+|QQ-QA( IT) ) 




IF (VOLLF.GT.VOLST) GO TO 515 


53C 


QDUTUT)=QB 




GO TO 510 


515 


Q3UT(ITI=QA( IT) 


51C 


CONTINUE 




V0LST=V0LST*60.0*T INT 




IF ( IST0RE.EQ.2) GO TO 230 




IF ( ISTGRE.E 3.3) GO TO 340 




IF ( ISTORE.Eq.4) GO TO 430 




RETURN 




END 
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